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1 EXECUTIVE SUMMARY

The United States Department of Energy (DOE) Office of Fuel Development OFD
supports the commercialization of lignocellulose (fibrous plant matter) to fuel ethanol.
The majority of the work that has received this support is focused on the development of
the technologies, which will make this goal a reality. The technologies available as a
result of this work are making fuel ethanol from lignocellulose a more feasible option for
our energy future. However, the capital required to obtain the economies of scale at a
greenfield site are cost prohibitive at this time. In an effort to minimize the cost, and
operational difficulties associated with a greenfield site, DOE — through the National
Renewable Energy Laboratory (NREL) — has turned to the corn-to-ethanol industry.

The corn-to-ethanol industry is responsible for nearly the entire U.S. supply of fuel
ethanol. With its years of experience in industrial scale fuel ethanol operations and
infrastructure, the corn-to-ethanol industry could play an important role in the initiation of
a lignocellulose-to-ethanol industry. In addition to its experience and infrastructure, the
locations of these plants are generally located in the heart of corn country, where there is
an ample supply of low cost lignocellulose...com stover.

The purpose of this project and report was to investigate the co-location of a corn stover-
to-ethanol facility at High Plains Corporation’s York, Nebraska facility. It was hoped that
this co-location strategy would allow the stover facility to operate with less overhead cost,
less operations costs, and lower capital cost through infrastructure sharing with the
existing corn facility. This is as opposed to a greenfield located stover-to-ethanol facility.
Although the result of this configuration did not turn out to be economicly attractive, we
identified issues which, when the solutions are found, could produce positive economics.

The lignocellulosic technology chosen was based on the NREL lignocellulosic biomass to
ethanol process'® using dilute sulfuric acid pretreatment. This is followed by separate
enzymatic hydrolysis, using cellulase enzyme, and co-fermentation by the recombinant
bacterium Zymonomas mobilis developed at NREL. The enzyme is produced on site using
an enzyme production technology from Pure Vision Technology, Inc., which results in a
higher specific activity (more effective) enzyme than the lignocellulosic reference model.
The Z. mobilis is capable of fermenting both five and six carbon sugars.

The scale of the facility was determined by data gathered by High Plains Corp. as to the
amount of stover available in a reasonable harvest area around the existing York, NE
plant. This 900 dry metric ton per day (347,223 short ton/yr) of stover resulted in a scale-
down of the NREL reference model to 45% based on feedstock throughput. The resulting
stover plant produces 25,746,124 gallons per year of fuel grade ethanol, which is 97.7% of
the theoretical 45% scale down. This is not 100% of the theoretical scale down due to a
slightly lower conversion efficiency of cellulose to glucose that results from separate
hydrolysis and fermentation occurring in a much shorter period of time than in the
reference model.
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Although this facility has a less efficient hydrolysis, the hydrolysis and fermentation are
accomplished in 57% of the time. This trade-off was accepted with the intention of
reducing capital and operating costs that result from shorter residence times via smaller or
fewer vessels. The resulting yield is 81.7 gallons of ethanol per dry metric ton of corn
stover (74 gal. per short ton). This is a slightly lower yield than the 83.5 gallons per dry
metric ton (76 gal. per short ton) reported for the lignocellulosic model. The benefits of
reduced hydrolysis and fermentation time result from the use of the higher specific
activity enzyme and the separation of hydrolysis and fermentation (as opposed to
Simultaneous Saccharification and Co-Fermentation — SSCF).

Appendix 5 (the equipment list) has comparisons between the study equipment costs and
the reference model as scaled to 45% (1999 costs with area weighted average scaling
exponents used). Also included is a comparison of the electrical workloads. The
workloads and equipment costs are organized by area. The comparison shows that the co-
located study model equipment costs are $14.8 million less than the lignocellulosic model.
This represents a 19.5% cost savings. There appears to be a $0.5 million capital savings
by separating hydrolysis and co-fermentation. This is a result of fewer vessels required
due to decreased residence time as noted in Table 6.2.5.A. The use of the PureVision
cellulase production technology appears to result in a $1.7 million capital cost savings due
to the reduced cellusase prduction scale required as a result of the higher specific activity
of the enzyme. Installation factors have been revised (in most cases increased) for the co-
located study case and this has an effect on the installed costs (see Volume II of this
report). A comparison of the installation factors and weighted average scaling exponents
is also on the equipment list under each area.

Under the assumptions of this project, there is no collection and market of CO3. Although
most of the CO7 currently produced at the High Plains Corp. York facility is marketed to a
CO7 compressing company located on adjacent property, there appears to be no further
interest at this time in marketing of additional CO7 in this way.

The detoxification of stover slurry before hydrolysis and fermentation produces a
significant amount of gypsum waste (over 60,000 lbs/day). This will incur a disposal cost
and the facility would benefit greatly from either the elimination of its production or the
development of a market for the low quality gypsum.

Eight railcars are filled with high water content lignin waste each day. The marketing of
this waste as an energy-containing co-product is critical to the economics of the facility.
If 10% of the water were separated from the lignin waste and sent to waste water
treatment, it is likely that there would be some wastewater discharge to the city of York to
reduce salts (under current design there is no waste water discharge to the city with the
exception of treated storm run-off water). This would increase the wet fuel value of the
lignin on a per ton basis.

As a result of this study, several critical issues were brought to light. The most important
is the development of a system for feedstock harvest, transport, storage and processing.
The very large volume of low-density biomass will require bulk-handling methods. Bales
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(the existing supply model) are too cumbersome for the volumes and rates required for the
economy of scale.

Another difficulty is that there seems to be no existing data on stover conversion using the
process outlined here other than simulated models, and although it is believed to be
effective, confirmation of several factors needs to be obtained. These include: (1)
effectiveness of cellulase enzyme and its production on stover substrate, (2) viscosity and
physical characteristics/behavior of slurry at several critical process points — necessary for
proper equipment selection, (3) evaluation of alternatives to the ion exchange and
overliming processes for removal of acetic acid and other substances toxic to
fermentation, (4) alternative pretreatment reactor configurations, i.e. batch, (5)
characterization and market development for the lignin waste or possibly re-evaluation of
on-site combustion with electricity generation.

The evaluation of possible cellulase sources (on-site reference model produced, on-site
PureVision produced, or purchased cellulase) strongly suggests that on-site cellulase
production is not simply a resourceful idea, but a requirement. In addition, on-site
cellulase production with the PureVision technology can mean significant savings in
annual cost, even over the reference case model of cellulase production.

Each of the above issues, taken individually, has significant capital and operating
repercussions. Combined, they have a considerable impact on the overall economic
feasibility of the facility. Further discussion on these issues can be found in section 12 of
this report.

(9]
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2 INTRODUCTION

The biofuels program at the National Renewable Energy Laboratory (NREL), under
guidance from the Department of Energy (DOE) Office of Fuels Development (OFD), is
working to facilitate the commercialization of lignocellulosic biomass, i.e. corn fiber, corn
stalks and wood to ethanol for use as a transportation fuel. OFD’s ultimate vision is the
large-scale production of ethanol from biomass to serve the nation’s transportation needs.

To make this vision a reality, OFD supports research of process technologies, feasibility
studies, and related commercialization activities by national laboratories, universities,
private industry, research foundations and other government entities. In addition to technical
achievement, substantial market development must also occur with expectation that industry
leaders will emerge as the route to commercialization is clarified.

2.1 BUILDING THE BRIDGE

OFD recognizes the leadership potential of the existing grain (corn) processing industry.
Their resources and experience provide the grain processing industry with the ability to lead
commercialization of biomass to sugars and ethanol. The grain processing industry is the
largest contributor to current ethanol and sugar production.

Recent feasibility studies for the production of sugars and ethanol from biomass at green-
field sites have shown that capital expenditures contribute a large fraction of the cost, and
must be reduced if the conversion process is to be economically viable in the near term.
Adding to an existing ethanol plant or other site with compatible processes may reduce
capital and operating cost. Roads, utilities, other process and operational infrastructure may
be able to support increased operations and reduce the cost of sugar and ethanol production.
Increased process utilization may also be possible.

2.2 PROCESS TECHNOLOGY

NREL supplied a detailed description of a corn stover to ethanol process including process
flow diagrams, material balance, equipment descriptions and costs'’. The NREL process
uses simultaneous saccharification and co-fermentation (SSCF) and the design is based on a
2000 dry metric ton per day corn stover rate. The published design noted in the
“References” section as (11) is a general lignocellulosic design based on yellow poplar. For
mass balance purposes, NREL produced an identical model reflecting the use of corn stover
as feedstock and issued it as a “Technical Memorandum.” This was used to develop the 45%
scale mass balance and is considered the “reference model” throughout this report.

The process selected for this evaluation uses on-site production of cellulase via a proprietary
process and separate saccharifcation (hydrolysis) and co-fermentation (SHCF). The
cellulase production is based on laboratory findings developed by PureVision Technology,
Inc. (hereafter PureVision).
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A plant feed rate of 900 dry metric tons/day of corn stover was selected based on readily
available corn stover in the vicinity of the existing York, NE plant (Appendix 1). This rate is
45 % of the reference model.

2.3 BIOMASS FEEDSTOCKS

Biomass feed stocks comprise one of the largest sustainable resources on earth. They are
produced in quantity from agricultural and forestry activities and are largely considered to be
residue and waste. Locating a biomass conversion facility close to the feedstock can
minimize the cost of transporting the materials. Facilities that produce biomass-derived
products and are in the area of crop production (such as corn-to-ethanol facilities) have ready
access to low-cost biomass feedstocks.

Grain processing sites are located near grain and agricultural residues. Corn stover is the
single largest agricultural residue. Most grasses, hays and straws have cellular structures
similar to corn stover, so a conversion technology that will work with corn stover will be
likely to work with these other potential feed stocks.

Processing starch from corn to ethanol in a dry mill produces spent grain, which is sold for
animal feed (distillers dry grains - DDG). With recent decline in the market and value of
animal feed, dry mill fuel ethanol facilities need to find other methods to ensure economic
health aside from the high protein and fiber feed DDG. One possible method is to use lower
cost feedstock. Corn stover fiber left in the fields as agricultural waste can provide just such
a feedstock for fuel ethanol production.

2.4 CELLULASE ENZYMES

The cost of cellulase enzymes is important to the commercial viability of a biomass
conversion facility. In 1997 NREL performed an assessment of cellulase enzymes utilizing
worldwide industry and academia input. The consensus position captured by the assessment
showed cellulase enzyme costs could be lowered 5 to 10 fold by using proven biotechnology
tools.

PureVision has been pursing this goal for several years, most particularly for the conversion
of waste paper to glucose. Their findings already show improvement over more
conventional cellulase production processes.

With the proprietary Pure Vision enzyme production process, a biomass-to-ethanol facility
can produce enzyme that has a specific activity (effectiveness) of 800 FPU/g protein as
opposed to the current lignocellulosic model of 600 FPU/g protein. If the same dose of
cellulase (15 FPU/g cellulose) is used in enzymatic hydrolysis as is used with the reference
model, the result is a decrease in feedstock flow to enzyme production of 25%. The
cellulose that would ordinarily be consumed in enzyme production is now available for
hydrolysis to sugar and further conversion to ethanol. However, as mentioned earlier, the
significantly reduced hydrolysis time (~57%) results in a lower hydrolysis efficiency (84%
as opposed to 88%) than the NREL reference model.
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Another benefit of the enzyme’s higher effectiveness is that the time required for hydrolysis
is reduced from 48 hours to 18 hours (although a more conservative 24 hour enzymatic
hydrolysis is used in this study). These two benefits result in a decrease in capital cost for
enzyme production by reducing the number and scale of equipment items required.

The Pure Vision enzyme benefits come with no additional increase in equipment items,
chemicals, or operating requirements other than the addition of a proprietary “very small
amount” of a “low molecular weight enhancement factor.” The enzyme is also produced
with the same yields and protein productivity rates as the reference model’ (see Table
6.2.3.B).
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3 PURPOSE

The Corn Stover to Ethanol Process Evaluation Project explores the business potential of
producing fuel ethanol from corn stover. Evaluation of the commercialization possibilities is
based on co-location at, and shared infrastructure with, the existing High Plains Corporation
(hereafter High Plains) corn-to-ethanol plant in York, Nebraska.

NREL has defined a benchmark process technology, including process flow diagrams,
material and energy balances, required equipment, and the performance of cellulase
hydrolysis and subsequent fermentations. NREL has also provided an estimate of the
ethanol production costs for a new stand-alone facility built to the benchmark specifications.
The NREL “reference lignocellulosic plant” is sized for 2000 bone-dry metric tons per day
of corn stover feedstock and produces approximately 58.5 million gallons per year fuel
ethanol at a total production cost of $1.30 per gallon.

The purpose of this evaluation is to develop and identify an alternative addition to the
existing High Plains Corp., York, NE grain-to-ethanol facility to enhance overall economics
of fuel ethanol production. This is to be accomplished by applying the reference
lignocellulosic model developed by NREL and producing a process design, material balance,
and capital and operating cost for the co-located facility. Modifications to the reference
model include recent advances in the production and effectiveness of cellulase enzyme by
PureVision Inc. Unlike the NREL reference design, the plant studied here uses separate
hydrolysis and co-fermentation as well.
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4 SCOPE

The overall scope of this study is to investigate the addition of a facility, not vastly dissimilar
to the NREL reference-type lignocellulosic plant, to the existing High Plains facility,
determine the approximate optimum production capacity of the added plant, and then
evaluate the resulting production costs for the additional ethanol. The infrastructure and
capacity resources of High Plains are utilized to reduce the capital and operating expenses of
additional ethanol production.

Stover is pre-treated with dilute sulfuric acid, hydrolyzed using cellulase produced on-site
via Pure Vision enzyme production technology, then co-fermented for the production of
alcohol. Merrick has produced material balances and updated the NREL process flow
diagrams and equipment lists. Merrick has also compiled a new project Pro Forma for the
co-located plant, identified parameters that most significantly impact production costs, and
performed sensitivity analyses on those parameters. Additional sensitivity analysis will be
performed to assess the economic effect of obtaining required cellulase enzyme from various
sources. Merrick will also define what effect co-location with the existing York facility has
on the economics of a lignocellulose-to-ethanol facility.
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5 FEEDSTOCK DESCRIPTION

5.1 CORN STOVER

The area surrounding the High Plains Corp., York, Nebraska, corn-to-ethanol plant is a
prime agricultural area for the growing of corn. This study is based on the collection of
stover from the five counties adjacent to and including York County. A circle of collection
centered about the plant was not used, as highway access and stover yield dataindicated a
more practical method using the county boundaries. The maximum effective transportation
distance is approximately 70 miles.

There are many variables in the corn stover collection system which could affect the quantity
of stover available for processing. The following factors were used in sizing the plant to be
evaluated:

e 60 wt.% of the corn stover can be collected from the fields in an economical and

practical manner.

e 50% of the corn producers in the area will participate in the collection program.

e Available stover ranges from 2.0 short tons per acre to 3.7 short tons per acre.
A conservative decision was taken to use 1323 short wet tons (32.0% moisture) per day of
collected stover (equivalent to 900 bone dry metric tons per day of stover) resulting in
approximately 25.7 million gallons per year of ethanol production. Appendix 1 contains the

“detailed information regarding feedstock supply assessment. This information makes

various assumptions and is of a different design basis than the facility modeled in terms of
ethanol produced and the sizing of the facility; however, the “Total Tons for Biomass
Conversion” provides the average to be used in sizing this facility.

The proven method of collection is to rake stover, which is left in the field either scattered or
as a windrow by the corn harvesting combines. The stover is baled at the site in large
cylindrical bales. A well-made bale is 1.52 meters tall and 1.78 meters in diameter (5 foot
tall, 70 inches in diameter) and weighs about 544.3 kg (1200 pounds). Bales bound by a
triple wrap of plastic netting have proven to be more economically attractive than twine
bound bales as there is less loss during highway travel and better retention of the bale shape
during storage'*. Bales will be transported using trailers pulled by highway legal tractors or
by trucks. Regional collection and storage facilities are felt to be more practical than storing
bales at individual farms although this subject requires further inquiry. Bale storage at the
plant will be the equivalent of four days of plant feed. The harvest of stover is believed to
last a maximum of 120 days. Please see Appendix 2 “Trip Report April 1 and 2”’for more
detailed information regarding harvest and transport of stover.

5.1.1 Total Sugar/Lignin/Ash

The composition of corn stover in Table 5.1.1 was taken from NREL Technical
Memorandum “Modified Process Model Results for a Feedstock Composition Reflecting
Corn Stover”, April 26, 1999 which cites Renewable Energy, October, 1997, “Bioethanol
Production: Status and Prospects”, J. McMillan®. This composition is used as the basis
of this study:
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. Table 5.1.1: CORN STOVER COMPOSITION

Component Weight % Dry Basis
Cellulose 45.39

Xylan 23.86

Arabinan 2.00

Mannan 0.00

Galactan 1.11

Acetate 2.11

Lignin 18.53

Ash 7.00

Total 100.00

Note: The compositions here (which are the design basis of this study) are different than those assumed in Appendix 1 page

5.1.2 Estimate of Cost

The High Plains Corporation working with privately held data has estimated the cost of
corn stover delivered to the plant site as less than $35.00 per dry short ton (see
Appendix 1). This figure is valid only after regional collection/holding centers are
established, harvesting machinery is available and some other start-up costs are paid off.
This is a reasonable maximum cost in the third year of corn stover collection.

Further, the cost of delivered stover will likely fall to as little as $20.00 per delivered dry
long ton when its collection and storage are well established (presuming that a
competitive corn stover market does not develop in the area).

5.2 DISTILLERS GRAIN
Distillers grain was considered for feed along with the corn stover but was not
included. The distillers grain was not included because of its high value as an
animal feed. Distillers grain is valued for animal feed based on its protein content and
could, therefore, pass through saccharification without significant loss of value.
However, the solids from saccharification of the distillers grain would need to be kept
separate from the solids from the corn stover as the corn stover solids have little or no
value as animal feed and are intended to be sold as a fuel. In essence, this means that
distillers grain would require separate processing facilities. In addition to this, the
mixing of distillers grain with the genetically modified Zymomonas mobilis used for
co-fermentation greatly decreases its marketability. For these reasons, processing
distillers grain is not justified for the small amount (350 tons/day) and high value ($60
to $90 per ton) of the distillers grain in the current local market. See Appendix 1 for
details regarding the assessment of the use of distillers grain as lignocellulosic
feedstock for increased ethanol production.

I'\process\3442\report\ DRAFT4 10



National Building a Bridge Merrick &

Renewable to the Company
Energy Corn Ethanol Industry December, 1999
Laboratory A Proj. No. 19013442

6 FACILITY DESCRIPTION

6.1 HIGH PLAINS CORN TO ETHANOL PLANT

6.1.1 Facility Production Capacity
The existing grain to ethanol plant at York uses a dry mill process, consuming
351,081 wet metric tons (387,000 long tons) per year of corn and milo to
produce 37.5 million gallons per year of ethanol.

Feed grain is delivered to the plant via truck. Of the 37.5 million-gallons/year
ethanol production capability, up to 12 million gallons can be further purified, in
a separate distillation section, to industrial grade ethanol.

High Plains has the capability to store up to 7 days of grain feedstock in 4 silos.
They use a single day bin to feed 3 hammer mills that grind up to 45,000
bushels/day. The mills have dust control cyclones and a bag house with pulsejet
cleaning of the bags. Recovered dust is added to the ground feed and travels
with it. Each hammer mill has an outlet screen to control particle size of the
grind. The grain is ground to coarse flour. The flour is conveyed in an elevated
conveyor system to the slurry tank. Following milling, recycle water from
multiple sources (backset), ammonia for pH control and an a-amylase are added
in the Slurry Tank which operates at about 65.6°C (1500F). Next, this slurry is
pumped and mixed with steam in a Hydroheater to bring the temperature to
107.2-121.10C (225-2509F). The Hydroheater discharges to the bottom of the
Cook Tube, which has a 20-minute residence time, and up-flows into the flash
tank. The slurry is flash cooled at a slight vacuum (the source of the vacuum is
the Rectifier Tower overhead vacuum system) to a temperature of approximately
87.80C (1900F).

Additional a~amylase is added to the slurry, which is then held in Liquifaction
Tanks (plug flow horizontal tanks having three mixed chambers in each tank) for
approximately two hours. The liquefied “mash” then flows into a second vacuum
flash cooling vessel (vacuum is generated through condensing and vacuum
pumps) to lower the temperature to 62.80C (1459F), before being fed into the
saccharification tank. In saccharification, sulfuric acid is used to lower the pH to
the desired level for enzyme activity and glucoamylase is added to begin
converting the starch into sugar (20 minute hold time). A side stream of sugar
is taken for the production of yeast in a separate vessel. Yeast is propagated for
5 hours before being pitched into the filling fermentor. Each fermentor receives
2 to 3 pitches of propagating yeast. The mash flows from the saccharification
tank through spiral heat exchangers (scrolls) to reduce the temperature from
62.80C (1459F) to 29.40C (859F). There are 9 spiral exchangers - three parallel
trains having three exchangers in series in each train, all feeding the selected
fermentor.
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The fermentors are 15.24 m (50 feet) in diameter by 15.24 m (50 feet) tall and
have a 2,460,518 L (650,000 gal) working volume in each. Fermentors go
through a 40-hour cycle - 17 hours to fill, 17 hours residence and 6 hours to
empty and clean in place. During filling, at 10% full and 50% full, yeast is
added from the yeast propagators. Fermentors have 4 loops of cooling coils in
each. A batch normally is fermented to 13% alcohol. Carbon dioxide evolved
from the fermentors is scrubbed (counter-current) with water to remove
particulates and soluble (volatile organic) emissions and then vented to the
atmosphere or transferred via pipeline to a carbon dioxide refiner (on site
customer).

There are three fermentors. A fourth, 2,725,496 L (720,000-gal) vessel functions
as a surge vessel between fermentation and distillation. This surge vessel is
called the Beer Well.

Distillation is conventional, having a beer or stripping column with water and
alcohol overhead and solids and water out the bottom. Stripper overhead feeds
the middle of the rectifier column, containing 13 stripping trays below and 40
concentrating trays above.

Rectifier column overhead goes to mol sieve dryers (3 operating and one on
stand-by) each having an 8-minute cycle time on duty and 8 minutes
regenerating (water purge).

This plant also has an industrial alcohol distillation unit, which produces higher
purity alcohol than required for fuels. It is fed with a side draw taken from the
second or third tray in the top of the rectifier. Water is added as a wash/stripping
agent and the alcohol is re-distilled to 190 proof grain neutral spirits. A future
molecular sieve dryer is planned.

Slurry from the beer column bottoms is fed to Sharples horizontal decanter type
centrifuges where the soluble portion is separated from the insoluble fiber. The
soluble stream is fed to evaporators, which concentrate the stream to syrup. The
syrup is then blended with the solids from the centrifuges to produce the
distillers grain. Distillers grain with solubles (DGS) is often sold wet to local
feed lots. If the distillers grain must be dried, the drying is done in gas fired

rotary dryers (kiln type).

6.1.2  Site Description
York, Nebraska is located half way between Lincoln and Grand Island or
approximately 160.9 km (100 miles) west of Omaha on Interstate 80. The plant
is located in a rural setting, 8-10 km (5 to 6 miles) from the town of York. There
is excellent highway and rail access to the site.

6.1.3 Infrastructure Description
The plant employs about 55 people. There are approximately 33 people in
operations with the remainder in administration and maintenance.
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6.1.4

6.1.5

The existing facilities include a laboratory, shops and warehouse, office, parking
areas, security, communications, road and rail access and other features common
to stand-alone industrial facilities.

A Johnson — Yokogawa (Yokogawa Industrial Automation) distributive control
system, provides process automation for micro processing and analog
input/output control. It can be expanded to handle the new processing facilities.

Utilities

Two cooling towers provide heat dissipation for the processing. One tower
circulates approximately 64,352 L (17,000 gal) per minute and a smaller tower
circulates approximately 37,854 L (10,000 gal) per minute of water. Both
towers are designed for 109F cooling. The cooling water distribution system is
designed for flexible operations, e.g. cooling the Industrial Alcohol Distillation
and Fermentation with the small tower and cooling the remainder of the
processes with the large tower. Makeup water is from wells located on the
property. Well water is softened and treated with reverse osmosis (primarily for
boiler water feed) prior to use. Any excess treated water is used for cooling
water make-up. Blow-down from the small tower is used for make-up water to
the larger tower. Any additional make-up water required is from untreated (high
hardness) well water. Cooling tower blowdown is discharged to a lift station,
combined with pre-treated wastewater and pumped directly to the city sewers.
Total well water usage is approximately 75.7 L. (20 gal)/bushel of feed. A
majority of water requirements are for boiler water and cooling tower makeup.

Chilled water is provided by two, 900 HP, motor driven, York self-contained,
mechanical refrigeration (Freon) machines. They are only needed for control of
the exothermic fermentation in the summer. Normal chilled water temperature
is 15.69C (609F).

The mills, conveyors, mixers, fans and many centrifugal pumps are direct driven
by electric motors. The centrifuges and some centrifugal pumps are driven by
variable speed electric motors. Total power consumption is approximately 1.3
KW per gallon produced with a peak demand of 5800 KW.

The plant consumes approximately 5500 MMBtu/day of natural gas mainly in
the boilers with approximately 10 - 20% used in the distillers grain dryers. Total
steam available from the two boilers is 200,000 pounds per hour at 150 PSIG.
Typical steam usage is 130,000 PPH with the Industrial Distillation System in
operation.

Recycle Water

Several streams feed water to the Recycle Tank. 25% of the evaporator
condensate (remaining goes to wastewater treatment), and all of the Rectifier
Column Bottoms go to this tank. From the Recycle Tank, water is fed into the
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6.1.6

6.1.7

Slurry Tank for mixing with the flour (ground grain) and added to the
Saccharification Tank for solids control, thus reducing wastewater volumes and
minimizing make up water requirements.

Waste Disposal

Condensate from the evaporators having 1500 to 2000 mg/liter COD is feed to
anaerobic digestion. Anaerobic digestion (methanators) consists of 4 — 113,562
L (30,000 gal) fiberglass vessels, arranged in parallel, and providing 6 hours of
residence time. Methanators are sized for 2 gal/sq.ft./min. of liquid flow. They
are designed for 90 % COD reduction to less than 200 mg/liter COD and have
only 3% sludge in the treated water. They operate at 350C (959F) and use
micronutrients for organism health and caustic for calcium requirements and pH
control.

Methanator liquid output goes to aeration ponds for additional treatment, then a
clarifier for solids removal, and then combines with untreated waste (boiler and
cooling tower blowdown) to be pumped into the city sewage system. The
clarifier is a conventional circular, cone bottomed type with scrapers on the
cone. Activated and other settled sludge is pumped from the bottom and
returned to the aeration pond. Excess sludge may be wasted to a retention pond
for 30-day aeration before being land applied.

Roads and Railways
The DDG and ethanol products can be shipped via truck or rail. The corn and
milo feedstock is delivered by truck.

The plant is located on Highway 34 approximately 4.8 km (3 miles) east of the
interchange with Highway 81 and 11.39C (7 miles) north of Interstate 80. Road
access is felt to be adequate for the delivery of corn stover.

The plant has a 75-car capacity rail siding with dual spurs connected directly to a
BN-SF main line. An on-site car mover is utilized and BN-SF provides up to
two switches per day, 6-days per week
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6.2 CORN STOVER PROCESSING REQUIREMENTS
6.2.1 Feed Receiving and Handling

A. Overview

Currently, stover is harvested from the field and baled from the ground in large
round bales then transported to processing facilities by flat bed trailer. When
considering the bulk handling issues such as bale damage, removing bale
wrappings, field and other debris, and the large volumes of material, we have
determined that an alternative method for feedstock harvesting and handling
needs to be studied further. Conversations with Iron Horse Custom Harvesting
indicate that this point has been recognized and they have devised for study,
such alternative methods'®. Further discussion of this can be found in the “For
Further Study” section of this report.

Corn stover is delivered to the High Plains York Ethanol production facility on
trailers pulled by high-speed tractors. The trailers are weighed and then
unloaded onto a concrete pad. Loaders then either stack or move the stover to
feedstock conveyors, which convey the bales into a processing unit. The
processing unit debales and shreds the stover. The shredded stover is then
conveyed to a concrete bunker. A loader pushes shredded stover from piles in
the bunker to a pretreatment feed conveyor. This conveyor feeds the pre-
treatment reactor.

Although there is no washing of stover designed into this facility, NREL
experience with the Process Development Unit (1 ton/day pilot plant,PDU)
shows that the feedstock needs to be quite clean to reduce lactobacillus
contamination and to decrease wear on the pre-treatment reactor®. However, in
washing stover there is a potentially significant loss of feedstock to water that
will need to be sent to wastewater treatment. This study assumes that the bales
are quite clean of soil and on site they are stored on a concrete pad where large
amounts of soil can be manually removed with hoses if necessary. This is similar
to the original process design of the NREL PDU for municipal solid waste'. The
bale breakers have the ability to remove tramp metal debris.

The bales have an assumed moisture content of 32%. The feed stream of
shredded stover into the pre-treatment reactor needs to be 48% moisture. The
above mentioned washing, water mist added during the shredding process to
reduce dust and fire hazard, and climate conditions experienced by shredded
stover in the shred bunker are assumed to bring the moisture to the 48% level.

B. Design Basis

Process Flow Diagram -P101-A101 (all PFD’s are in Appendix 4)

Corn stover is feed into the pretreatment reactor M-202 at a rate of 71,977 kg/hr
at 48% moisture. Operation of the reactor is for 24 hours each day, 350 days
each year. This requires the delivery of 1,654 bales per day at an average bale
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dry weight of 544.3 kg (1200 pounds). Each truck delivery capacity is 17 bales,
with each bale measuring 1.52 meters tall and 1.78 meters in diameter (5 feet
long and 70 inches in diameter). Average water content™ is 32%, with a dry
mass bale composition of 82% stalk and 18% cob'.

Due to the “wide load” status of the delivery trailers and possible state highway
laws™'°, it is assumed that delivery will be 5 days per week. Therefore, design
capacity for bale receiving and processing is 2,315 bales per day. This requires
136 deliveries per day using two truck scales (M-101A/B, not including the
scales that currently exist at the York facility). Trucks can be weighed, sampled
for moisture, and unloaded in less than 10 minutes®> Bales are stacked in rows,
two bales high and transported to the bale processing feed conveyor as needed
by 6 forklifts or loaders at a rate of 30 minutes per 17 bales (truck load).
Unloading, stacking, and transport is all done on a 23,226m? x 22.9 cm thick
(250,000 ft* x 9”) concrete pad (M-102). The pad has surface area for 7440
bales (four and a half day feed) at 2.79 m* (30 ft*) per bale. The bales are
stacked two rows high and the pad has an area for vehicle maneuvering equal to
the bale storage area with an additional 10% area for drainage. Storm drainage
is collected in pond M-108 from which flow to waste water treatment is metered
at 39,407 kg/hr. Specifications and calculations for feed stock handling can be
found in Table 6.2.1.
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Table 6.2.1: Feedstock Handling Calculations and Assumptions

bales (each) trucks (each)
weight dry (#) 1200 # / delivery (dry) 20,400
weight wet (#) 1600 bales / delivery 17
%% solids 68.0% Delivery days 350
length (in) 60
diameter (in) 70 plant run time
%o stalk (w/w) 82% days / year 350
% cob (w/w) 18% % of year 96%
hrs / day 24
feed rate
kg / hr wet (101 PFD-A101) 71,977
% solids 52.1%
# / hr (dry) 82,662 37,489kg/hr (dry)
ton / hr (dry short ton) 41.3 37.5metric tons
ton / day (dry short ton) 992 900metric tons
bales / day 1,653
iton / day (wet short ton) 1,323 1,200metric tons
ton / year (wet short ton) 347,182
bales / year 578,637
feedstock spec. size (in) 3/4 x 5/8x 1/8
deliveries
bales / day 1,653 2,315design capacity (7/5)
bales / hr 138 193 "
trucks / day 97 136"
weigh time / truck (min.) 10 "
delivery hrs / day 12.0 12.0"
deliveries / scale / day 72 72"
number of scales required 14 19"
receiving and processing
bale receiving pad (ft?) 250,000
dimensions (ft) 500
forklift time per truck (17 bales) (min.) 30
forklifts/loaders 5 6"
bale processing (wet short ton / hr)(12hr/day) 1122 170"
Storage waste water run-off calcs.
days of storage 3 bale receiving pad (ft) 250,000
shredded density (wet #/1t’) 15 precipitation (in‘hr) 2
bunker volume (wet short tons) 4,376 storm hours/wk 5.6
Bunker volume (ft*) 583,499 run-off to WW treatment (gal/hr) 311,688
(200x100x30) = 600,000 storm run-off (gal/wk) 1,747,767
flow through WW treatment (gal/hr)|10,403
loader fuel kg/hr to WWT 39,407
Loaders 7 Holding pond (one week)(ft*) 233,643
loader hrs / day 87.6 dimensions 200 x 150 x 8ft (f) 240,000
fuel usage (gal/hr) 8
gal/day 701
kg/day 1907
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Bales are received and processed for 12 hours each day. As the six front-end
forklifts/loaders stack and transport bales to the bale feed conveyors (C-101),
operators cut and remove the plastic netting using hooks. Netting is added to the
gypsum waste produced in area 200 (overliming) and is insignificant in weight
in relation to the gypsum. These materials are landfilled and the cost of netting
disposal is included in the gypsum disposal cost.

The unwrapped bales are then conveyed to the bale breaker M-104 and the
primary and secondary shredders M-105 and M-106. Shredded stover is then
conveyed by the radial conveyor C-102 to a shred bunker (M-107) that is 61m
long x 30.5m wide x 9m tall (200ft long x 100 ft wide x 30ft tall) and has a
three-day capacity of 16,990 m* (600,000 ft?). The bottom of the shred bunker
has a screw conveyor C-109, which is assisted by a loader to assure continuous
feeding of the pre-treatment reactor.

C. Cost Estimation

Cost estimation for the truck scales and storm runoff pond came from recent
Merrick experience, as did the design and cost estimation of the receiving pad
and the shred bunker. Vender quotes from American Pulverizer are the design
and cost basis for the hammer mills and associated conveyors. The wire mesh
bale conveyor was vender quoted by Conveying Industries. The radial stacker
was designed and costed by SESCO conveyors and engineering. The three bale
breakers are ADB Series II from Karl Schmidt and Associates, Inc. handling 700
ton per day each. The pre-treatment feed conveyor and loaders were scaled from
the lignocellulosic reference model produced by NREL.

6.2.2 Feed Pretreatment
A. Overview
Shredded corn stover is conveyed to the pretreatment reactor where it is
hydrolyzed with high temperature, pressure and dilute sulfuric acid. The
hemicellulose portion is broken down to simple sugars with xylose being the
primary product. In addition, some arabinose is released. This process results in
the production of some acetic acid, furfural, and hydroxymethyl furfural (HMF)
as by products. The lignin-cellulose complex is also broken down resulting in
some glucose, mannose, and galactose from the cellulose, but of primary interest
is the exposing of the ceilulose for the following enzymatic hydrolysis to
glucose.

The pretreated stover is then flash cooled resulting in a significant reduction in
water content as well as a reduction in furfural and acetic acid. Due to the toxic
nature of the remaining acetic acid, furfural, and HMF to enzymatic hydrolysis
and fermentation the solids (primarily lignin and cellulose) are separated from
the liquid (xylose, soluble sugars, acetic acid, water, furfural, and HMF) so that
this liquid can be detoxified.

Detoxification is done with continuous ion exchange followed by an
“overliming” process. There is currently research underway at NREL'™, which
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is trying to understand the importance of overliming to the prevention of toxic
conditions in fermentation. Gypsum is produced as a waste product from this
area. The pH is also adjusted to 4.5 in preparation for enzymatic hydrolysis.
The detoxified liquid is re-mixed with the cellulose and lignin solids and
distributed to fermentation seed production, cellulase seed production, cellulase
production and enzymatic hydrolysis. This liquids and cellulose/lignin solids
mixture will be called the liquor.

B. Design Basis

Process Flow Diagram -P100-4201

The corn stover from the screw conveyor C-109 is warmed with direct injection
low-pressure steam in M-202 to 100°C. Condensate is mixed with sulfuric acid
and added to the warmed stover in the impregnator portion of the reactor to a
total sulfuric acid concentration of 0.5% of the total amount of steam,
condensate, and stover. High-pressure steam (265 °C) is used to bring the
reactor to 190 °C for 10 minutes (Table 6.2.2.A).

Table 6.2.2.A: Pretreatment Reactor Conditions

Acid Concentration 0.5%
Residence Time 10 minutes
Temperature 190°C
Solids in Reactor 22%
Reactor Pressure 12.2 atm

Pretreatment reactions and conversions occurring in the hydrolyzer are from
NREL'". These are contained in Table 6.2.2.B.

Table 6.2.2.B: Pretreated Hydrolyzer Reactions and Conversions
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Reaction Conversion
(Cellulose), + nH,0 - nGlucose Cellulose 0.065
(Cellulose), + mH,O0 - m Glucose Olig Cellulose 0.007
(Cellulose), + nH,0 - ' n Cellobiose Cellulose 0.007
(Xylan), ., nH,0 - nXylose Xylan 0.75
(Xylan), , mH,0 = m Xylose Olig Xylan 0.05
(Xylan), . - nFurfural + 2nH,0 Xylan 0.10
(Xylan), , nH,0O - (Tarn Xylan 0.05
(Mannan), ., nH,0 — n Mannose Mannan 0.75
(Mannan), ., mH,0 — m Mannose Olig Mannan 0.05
(Mannan), . - n HMF + 2nH,0 Mannan 0.15
(Galactan), . nH,0 - n Galactose Galactan  0.75
(Galactan), , mH,0 — m Galactose Olig Galactan  0.05
(Galactan), . - n HMF + 2nH,0 Galactan  0.15
( Arabinan), ., nH,0 — n Arabinose Arabinan 0.75
(Arabinan), . mH,0 — m Arabinose Olig Arabinan 0.05
(Arabinan), ., - nFurfural + 2nH,0 Arabinan  0.10
(Arabinan), ., nH,0 - (Tarn Arabinan  0.05
Acetate - Acetic Acid Acetate 1.00
N Furfural + 3nH,O - (Tar)n Furfural 1.00
N HMF . 3nH,0O = 12 (Tar)n HMF 1.00

Note: These reactions are modeled as occurring simultaneously. Therefore, products of one reaction, e.g.,
furfural, are not considered a reactant in another reaction. Degradation of xylan all the way to tar is accounted
for as a reaction of xylan to tar. Degradation of furfural considers the furfural entering the reactor in the
recycle water.

The pretreated stover liquor is flash cooled for 15 minutes in T-203 to
atmospheric pressure where 6.3% of acetic acid and 61% of furfural and HMF
are removed. The 190 °C flash vapor is used to preheat the beer to ~95 °C in H-
201 on its way to the beer stripping column. The condensed flash vapor is then
sent to waste water treatment at ~99 °C (NREL™").

Process Flow Diagram -P100-4202

The solid and liquid portions of the pretreated slurry from T-203 are separated
with a washing belt filter press S-202 to produce a solids portion of 40%
insoluble solids and a liquid portion. The liquid portion and the filter rinse water
are pumped with P-227 to ion exchange after being cooled to 40 °C in H-200
with cooling water. Approximately 88% of the acetic acid and 100% of the
sulfuric acid are removed in the continuous ion exchange unit (S-221), which is
regenerated with ammonia at 1.1 normal per normal of ions. Further discussion
of its treatment (overliming) is to follow.

The solid portion (lignin and cellulose) is transferred to T-232 via a screw
conveyor C-202. Here the solids and detoxified liquid returning from
overliming are mixed for 15 minutes with 2hp/1000gal. The pretreated and
detoxified stover slurry is then pumped with a 700 gpm Discflo pump (P-224) to
hydrolysis (86.7%), fermentation seed production (9.5%), cellulase seed
production (0.2%), and cellulase production (3.6%). Table 6.2.2.C illustrates a
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comparison between the reference model flow rates and the co-located flow
rates.

Table 6.2.2.C: Flow Rate Comparison with the Reference Model

York Co-located Study| NREL Ref. Model with
Case 45% Scaledown

Flow from mix tank (g/hr) 167,795,100| 100.0% 167,795,100; 100.0%
Flow to hydrolysis (g/hr) 145,536,045 86.7% 143,425,350, 85.5%
Flow to seed production (g/hr) 15,936,745  9.5% 15,936,750, 9.5%
Flow to cellulase seed production (g/hr) 315,559  0.2% 420,7500 0.3%)
Flow to cellulase production (g/hr) 6,006,751  3.6% 8,009,100, 4.8%
total outflow 167,795,100, 100.0% 167,791,950| 100.0%)
cellulose to be hydolyzed (g/hr) 15,014,766 14,818,500

Process Flow Diagram -P100-A203

The liquid portion from ion exchange is overlimed by reacidification to pH 2
with addition of sulfuric acid using in-line mixer A-235. This is mixed with
lime to pH 10 in T-209 for one hour with steam injection to 50 °C. Mixing is
accomplished with 0.5 hp/1000 gal. The pH is then adjusted to 4.5 in T-224
with residence time of 4 hours. Again, mixing is accomplished with 0.5 hp/1000
gal. The liquid and resulting gypsum are separated with 99.5% gypsum removal
(containing 20% liquids) by a hydrocycione and rotary drum in series. The
detoxified and conditioned liquid is then recombined in T-232 as described
above.

C. Cost Estimation ‘

Several equipment items in area 200 had costs of greater than $100,000 per unit
and so received new cost estimates. These include: T-224, which received a new
price quote from Matrix Service, Inc.; and H-201 from Lawhorn Shell and Tube,
Inc. Other “High cost” items such as the belt filter press (S-202), Sunds
hydrolyser (M-202), and the ion exchange unit (S-221) did not receive new price
quotes due to either their very large cost, or specialized nature. In either case it
was felt by Merrick engineers that NREL had the best quotes available and these
were used for scaling. The pump P-224 was changed to a Discflo because
Merrick believed that this pump would better handle the high solids content of
the liquor. All other equipment in area 200 was cost scaled from the NREL
2000 dry metric ton per day reference model. Gypsum waste disposal was
discussed and considered by High Plains with York County waste disposal
personnel. Considerations included land application and landfill. In this study
the landfill option is the assumed disposal method at a cost of $33 per short ton.
It was decided that the very large quantities of gypsum would be inappropriate
for land application.
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6.2.3 Enzyme Production
A. Overview
Enzyme is produced on site using the Pure Vision cellulase enzyme production
process. This process includes two areas, the production of the enzyme
producing seed (Trichoderma reesei) and the production of the enzyme itself.
The seed production originates with the inoculation of one of three seed
production trains with a culture grown in the laboratory. Each train has three
vessels, which are sized to provide a 5% inoculation to the next vessel in the
train. The third seed vessel then inoculates one of eleven cellulase production
vessels. The substrate for these areas is detoxified stover. Enzyme produced
here is then sent to enzymatic hydrolysis.

B. Design Basis

Process Flow Diagram -P100-4401 & A402

Although providing enzyme usage of 20 FPU and 35 FPU per gram of cellulose
were initially considered, it was recommended by Jim Linden (CSU) and NREL
that 15 FPU per gram cellulose would be more appropriate (Appendix 3). Using
laboratory data provided by PureVision for their cellulase production
technology, the feed rate to cellulase seed production is 0.2% of the pretreated
slurry flow from T-232 and the feed rate to enzyme production is 3.6% of the
pretreated liquor. Of the remaining 96.2% of pretreated slurry, 86.7% goes to
hydrolysis and 9.5% goes to fermentation seed production.

The cellulase is produced in eleven 334,384 L (88,335gal) production vessels F-
400, which are sparged at 0.413 VVM with sterilized air from compressor M-
401. The vessels have a diameter to height ratio of 2:1, which as a result of
preliminary study by NREL, is most effective to provide the estimated
requirement of 30% dissolved oxygen''. This study also indicated that increased
concentrations of oxygen above atmospheric would be investigated further. This
may be very important to obtain the desired saturated oxygen without using a
pressure vessel. Our vessel cost quote reflects atmospheric tanks although it
may be necessary to use pressure vessels to increase the dissolved oxygen as per
preliminary compressor calculations suggest (see M-401 calculations in Volume
II). Eight of fermentors are in operation at any given time with the remaining
fermentors cleaning, draining, or filling (see Table 6.2.3.A: Celilulase
Production Schedule).

Cellulase production residence time was chosen to be 160 hrs in keeping with
production time suggested by NREL and PureVision. At a flow rate to enzyme
production of 9,533 kg/hr, it was decided that the same number of production
vessels and configuration as NREL used in the lignocellulosic model (only
smaller) was most appropriate to keep vessel fill time to a minimum and ensure
a more accurate 160 hr average enzyme production time. Cellulase broth is
pumped with P-400 to enzymatic hydrolysis and a small stream is also sent to
fermentation seed production.
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Enzyme is produced based on the parameters outlined in Table 6.2.3.B which
also contains a comparison between cellulase production using the PureVision
technology and the NREL reference model. Laboratory data from PureVision
indicates that the specific activity for their cellulase is 800 FPU/ gram protein.
The productivity and yield are the same as those stated by NREL to be 75
FPU/(L*hr) and 200 FPU/gram cellulose respectively10.
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ble 6.2.3.A: Cellulase Production Schedule

ed trains A, B, & C

yduction vessels
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seed production vessel #1 (gal) 11

seed production vessel #2 (gal) 221 draining (D), sterilizing (S), or filling (F)

seed production vessel #3 (gal) 4,417

size of production vessels (gal) 88,335
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Table 6.2.3.B: Cellulase Production Parameters

York with | NREL Reference
PureVision |Model (45% scale)
yield (FPU/(g cellulose+xylose)) 200 200
productivity (FPU/(L*hr)) 75 75
specific activity (FPU/g protein) 800 600
initial cellulose concentration 4% 4%
cellulase requirement (FPU/g cellulose) 15 15
enzyme production broth (kg/hr) 13,384 17,848
enzyme production broth (gal/hr) 3,533 4,712
production time / vessel (hr) 160 160
Size of production vessels (gal) 88,335 118,800
production vessel operating volume (gal) 70,668 94,240
mumber of vessels in operation (add 3 for cleaning) 8 8
%% fill of vessel 80% 79%
Time to fill vessel (hr) 20 -
Temperature °C v 28 28

The Trichoderma reesei “cellulase seed” culture is first grown in three trains of
progressively larger tanks, each representing a 5% inoculation of the next larger
size. With production vessels of 334,384 L (88,335gal), three smaller vessels;
F-401-16,720 L (4,417 gal), F-402 — 836.6 L (221 gal), and F-403 —41.6 L (11
gal) are used to provide sufficient seed culture for the production level (see
Table 6.2.3.C). Residence time in each seed vessel is 40 hrs, which has been
determined by NREL research to be enough time to grow cell mass''. Three
trains of these three sized vessels allows for 20 hours of turn around time per
train. It should be noted that if hydrolysate from the hydrolysers (T-307) in
which cellulose has already been converted to glucose were used for cellulase
seed production, the batch time could quite likely be reduced. This should not
have a negative effect on the cellulase production to follow. However, in this
study the seed is grown on cellulose slurry directly from the mix tank T-232.

Table 6.2.3.C: Cellulase Seed Production Parameters

% inoculation of production vessels 5.0%)
volume of inoculant needed (gal/vessel) 3,533
inoculant needed every (hrs) 20.0
batch time for each seed production (hrs) 40
seed production vessel #1 (gal) 11
seed production vessel #2 (gal) 221
seed production vessel #3 (gal) 4,417,

trains of vessels 3- "A","B", "C"

Cellulase production is conducted by filling a production vessel with detoxified
stover liquor such that the slurry at working vessel volume will contain 4%
cellulose after the addition of recycle water, corn steep liquor (1% of mixture
volume), and nutrients. The pH is controlled with ammonia and foaming is
controlled with corn oil (0.1% v/v of final mixture). Nutrient requirements for
cellulase production from pretreated biomass are still under study at NREL, but
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are estimated to be those contained in Table 6.2.3.D (NREL""). In addition,
“small amounts of low molecular weight proprietary enhancement factor” are
required by the Pure Vision cellulase production technology.
All tanks and pumps are sterilized with hot caustic clean-in-place (CIP) solution
between batches.
Table 6.2.3.D: Cellulase Production Nutrient Requirements
Component Amount (g/L)
Urea 0.3
FeSO,— 7 H,0 1005
ZnSO, — 7 H,0 0014
(NH,)2S0, 14
KH,PO, 2.0
MgSO, — 7TH,0 0.0016
CaCl, 0.002
Tween 80 0.2
Note: The PureVision cellulase production requires a “very small amount of a low molecular enhancement
factor” which is not included here.
C. Cost Estimation
The agitators for these tanks were quoted by Lightnin to provide 1.4hp/1000 gal.
A new price quote was also obtained from Atlas Copco for the fermentor air
compressor system, which at five compressors and one back-up, is less costly
than the option of using two (and one back-up) of the lignocelluosic compressors
to provide the required 38,809+ scfm of air. All other equipment was scaled
from the NREL 2,000 metric ton / day lignocellulosic model.
6.2.4 Hydrolysis

A. Overview

Aside from the enzyme production technology from Pure Vision, the key
difference between the current NREL lignocellulose-to-ethanol model and this
plant design is the fact that we are performing hydrolysis and co-fermentation
separately (SHCF) as opposed to simultaneously (SSCF). The justification for
this is that each step has different optimum conditions (hydrolysis 500C vs. co-
fermentation 30°C). The common approach to cellulose-to-ethanol conversion
is SSCF in which either an enzyme modified for optimum performance at lower
temperatures, or an ethanologen modified for thermophilic conditions, or (more
likely) a combination of the two, are used simultaneously. This compromise is
an effort to avoid product inhibition of cellobiose and glucose in hydrolysis,
which tends to be the rate-limiting step. That we are aware of, there are no such
industrially used thermophilic ethanogens nor low temperature cellulases
capable of this compromise. Therefore, we have decided to keep hydrolysis and
fermentation separate to take advantage of the optimum conditions for each
process.

In this process, the pretreated and detoxified corn stover slurry is first
hydrolyzed in Jarge mixing tanks with agitators and pump circulation. After 24
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hours of mixed hydrolysis and saccharification, the (now thinner) slurry is
pumped to co-fermentation (fermentation of pentosans and hexosans by a single
organism). Conversion of cellulose to glucose was assumed to be 80% as
recommended by PureVision’ and confirmed by NREL researchers®. Please see
Table 6.2.4.A for the conditions of enzymatic hydrolysis.

Table 6.2.4.A: Enzymatic Hydrolysis Conditions

% insoluble solids (21.4% total solids) 15.0%
temperature (°C) 50
time per slurry (hr) 24
flow per slurry (kg/hr) 157,136
% conversion cellulose to glucose (hydrolysis) 80.0%)
% conversion (SSCF 48hr) 39.5%

(overall hydrolysis conversion): 2550 84:0%

B. Design Basis

Process Flow Diagram -P101-A307

Detoxified stover slurry is pumped through H-308 to enzymatic hydrolysis in T-
307 at a rate of 145,536 kg/hr (86.7% of P-224 output). In H-308 it is cooled
from 590C to the optimum hydrolysis temperature of 50°C. The Hydrolysis and
Fermentation Schedule (Table 6.2.5.B) shows the sequence relationship between
hydrolyzers and fermentors.

Cellulase enzyme produced in area 400 is added at the rate of 11,600 kg/hr. The
shurry is agitated by two side-mounted agitators (A-307) providing 0.4 hp/1000
gal of stirring power. In addition, the slurry is re-circulated through a single
bottom outlet and into three separate re-circulation lines. Each re-circulation
line has a steam-warmed heater to maintain temperature of the slurry at 50 °C.
Each line has an inlet 120 degrees of the others around the top of the tank.

The hydrolysis tank has a 30 degree cone bottom to ensure effective empting of
the high solids shurry and has a volume of 1,419,529 L (375,000 gal). The cone
bottom is supported by a full concrete foundation.

Each tank has a 3,000 gpm Discflo pump to accomplish the re-circulation of the
high solids slurry. This pump turns the tank volume over once every two hours
to avoid localized product inhibition and provide even temperature control. The
slurry is divided up into three lines to increase diverse mixing once returning to
the tank. The three warmer configuration was chosen because of concern for
localized over-warming of the high solids slurry along the sides of the
exchangers resulting in local denaturing of enzyme. There is no heat of reaction
for hydrolysis’ and it is possible that the heat capacity of the slurry and agitation
power are sufficient to maintain the 50°C, however, this is unlikely hence the
designed warming capacity described above. Table 6.2.4.B contains the
calculations for enzymatic hydrolysis. All tanks and pumps are sterilized with
hot caustic CIP between batches.
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Table 6.2.4.B: Enzymatic Hydrolysis Calculations
41,484 gal/hr (cellulose and cellulase)
24 hrs of stirring
995,616 gal of stir cap. required
375,000 gal/stir vessel
3| number of vessels (add 1 for cleaning)
90% fill of vessels
337,500, Operating volume
9.0/ time to fill (hr) @ 691 GPM
2.0] empty time (hr) @ 2,800 GPM
C. Cost Estimation
The hydrolysis area requires several pieces of equipment that were not included
in the lignocellulosic model. However, the agitators from the lignocellulosic
fermentors were used at full scale as the agitators for the hydrolysis tanks. The
hydrolysis tanks (375,000 gal each) were scaled by using the new price quotes
for the production fermentors (F-300) at 750,000 gal., scaled at 0.5 with a 2.0
installation factor to account for the cone bottom price difference and the
extensive concrete foundation.
Discflo provided budgetary pricing of the 3,000-gpm re-circulation pumps. The
hydrolysis warmers were priced based on recent Merrick experience as was the
hydrolyzate cooler H-308.
6.2.5 Fermentation

A. Overview

Hydrolyzed stover slurry is pumped from the hydrolyzers, through coolers, and
into the fermentation vessels. A recombinant Zymomonas mobilis developed at
NREL performs co-fermentation of xylose and glucose. This co-fermentation
does not (by process definition) include saccharification (SSCF). However, 20%
of the original stover sent to hydrolysis remains unhydrolyzed after the 24 hrs.
There is also cellulose present in the fermentation seed slurry which is added
with as the inoculum. We have assumed (with confirmation from NREL?, Dr.
Jim Linden’, and Dr. Ron Thomas’) that the cellulase still present in the
hydrolyzate will provide SSCF with an estimated 39.5% conversion of cellulose
to glucose over the 48hr fermentation time. This results in an overall conversion
of cellulose to glucose of 84% as compared to 88% in the lignocellulosic model.
This produces a slightly lower yield of ethanol per ton. However, the shorter
combined hydrolysis and fermentation time of 72 hrs as opposed to 168 hrs
translates to capital cost savings. Table 6.2.5.A compares the SHCF (900 metric
ton/day) to the lignocellulosic model SSCF (2000 metric ton/day).
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Table 6.2.5.A: Comparison of SHCF (900TPD) and SSCF (2000TPD*.45)

% of
High Plains York Co-located | York Co- | reference | NREL Lignocellulosic
Summary: located model “Reference Model”
DTPD (metric ton) 900 100% 900
stover (dry short ton/yr) 347,223 100% 347,223
ethanol (gal/yr) after rectification { 25,746,124 97.7% 26,340,609
yield (gal/dry short ton) 74.1 97.7% 78590
yield (gal/dry metric ton) 81.8 97.7% 83.6
hydrolysis + ferm. Time (hr) 72.0 42.9% 168
conversion of cellulose to glucose;  84.0% 95.5% 88.0%
Additional EtOH (gal/yr) (594,485)

In addition to the glucose “wort” that is added to the fermentors, the Z. mobilis
(fermentation seed) is also added along with corn steep liquor for nutrients, and
ammonia for nutrients and pH control. The fermentation seed culture is initiated
in the laboratory, as with the cellulase seed, and then transferred to multi vessel
seed trains using detoxified stover slurry, ammonia, and corn steep liquor as the
substrate.

The production fermentors are run batch-wise and at the end of each cycle are
pumped to a beer well for surge control, then on to distillation.

B. Design Basis

Process Flow Diagram -P101-4301

Hydrolyzed stover is pumped from the hydrolyzers (T-307) by the re-circulation
pumps through hydrolyzate coolers H-302 where the temperature is dropped
from 500C to 300C. It then flows to the production fermentors, which are twice
the size of the hydyrolyzers (see Table 6.2.5.B: Hydrolysis and Fermentation
Schedule).

Process Flow Diagram -P101-4302

Simultaneous to hydrolyzate filling, the inoculum is added to account for 10% of
the final fermentor working volume (see Table 6.2.5.C). This seed is grown in a
series of five progressively larger vessels (F-301-5), each providing 10%
inoculation to the next larger size. (see Table 6.2.5.D). Vessels 1-3 are jacketed,
agitated package units and vessels 4 and 5 are agitated with cooling coils. As
was mentioned with cellulase seed production; fermentation seed production
residence time could likely be reduced by using hydrolysed slurry from the
hydrolysers (T-307) which is already high in glucose, as opposed to using the
unhydrolysed slurry directly from T-232.

The detoxified stover slurry is cooled with H-301 to 300C in preparation for the
seed production. For seed production, 24 hours in each vessel size has been
determined by NREL to be sufficient for the cell count increase desired". The
seed is pumped to the seed hold-up tank (T-301) with pump P-302. The
inoculum is pumped to the appropriate filling fermentor with P-301 as needed.
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As with cellulase production, the number and configuration of seed vessels,
which was chosen to be most appropriate, was that used in the lignocellulosic
model with two trains of five vessels each (Table 6.2.5.EF).

In the production fermentors, co-fermentation progresses for 48 hours while the
hydrolyzed stover (sugar solution) is converted to an alcohol with a final content
of ~5.3% (see Table 6.2.5.F for fermentation conversions as defined by NREL
for lignocellulose feedstock'"). It has been assumed here that this alcohol
concentration is not high enough to significantly inhibit cell metabolism.

During fermentaion, cooling is provided by pump P-300 re-circulation through
fermentation cooler H-300. The final beer is sent to the beer well (T-306)
providing a constant flow to distillation with pump P-306.

All tanks and pumps are sterilized with hot caustic CIP solution between
batches. Although the cellulase seed is of very low concentration with respect to
the total volume of fermentation broth and 7. reesei is a fungus - which tend to
be slower reproducing than the ethanogenic bacteria — the 7. reesei is added to
fermentation in living form and hence represents an infection to the
fermentation. The projected losses as a result of this infection need to be
assessed for the separate hydrolysis and co-fermentation configuration.
Physical, thermal, and chemical attempts to kill the fungus prior to use in
hydrolysis are most likely detrimental to the enzyme and so therefore not
attractive options. In our mass balance, 7% loss to infection is accounted for,
leaving 93% of the sugars available for ethanol production.

Table 6.2.5.C: Fermentation Conditions and Factors

fermentation
time (hr) 48
temperature (°C) 30
hydrolyzate to fermentation (kg/hr) 157,136 89.7%
seed to fermentation (kg/hr) 17,529 10.0%
total flow to fermentation (kg/hr) 175,175 100.0%
% solids 8.1%
ICSL (kg/hr) 438 0.25%
l/Ammonia 71 0.04%

I:\process\3442\report\DRAFT4

30



National
Renewable
Energy
Laboratory

Building a Bridge Merrick &
to the Company

Corn Ethanol Industry December, 1999
Proj. No. 19013442

Table 6.2.5.D: Fermentation and Seed Production Design

fermenters

46,246

fermentation broth (gal/hr)

2,219,812

fermentation volume (gal)

48

fermentation time (hr)

750,000

fermenter volume (gal)

90%

fill of vessels

675,000

operating volume

3.0

number of fermenters (add 1 for cleaning)

4.0

fill time/fermenter (hr) (hydrolyzate only)

771

empty pump rate to stripper (GPM)

14.6

empty time (hr)

fermentation seed production

17,995seed production broth flow in (kg/hr)

4,478gal/hr broth in

24

batch time (hrs)

161,192

seed hold vessel (gal) (36hr)

67,544

inoculation to each fermenter (gal)

280

inoculation pump rate (GPM, for two hours out of every 10)

2

number of trains ("A" and "B")

80,596

vessel #5 operating vol. (gal)

89.6%

% working volume

90,000

vessel #5 capacity (gal)

9,000

vessel #4 capacity (gal)

900

vessel #3 capacity (gal)

90

vessel #2 capacity (gal)

9

vessel #1 capacity (gal)
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[able 6.2.5.B: Hydrolysis and Fermentation Schedule
i 4] 8] 12] 6] 20 24| 28] 32] 36| 40| 44| 48] s2] s6] 60| 64| e8] 72] 76| 60| sa] s3] 92| e

hydrolysis
tank #1
tank #2
tank #3|
tank #4]

iC C C CCF F FF FJ
L’ ElC CCCCFFF

fermenter#1}| | F _ F

fermenter #2

c ccccceccecce
fermenter #3 b

fermenter #4

hydrolysis vessel size

hydrolyzer 375,000 gal
fermenter 750,000 gal
filling F
active A
empting E
cleaning Ci
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Table 6.2.5.E: Fermentation Seed Production Schedule

hi 12| 24| 36] 48] 60| 72] 84] 96] 108
2 s '

seed ‘ B
seed B e Bl
seed A
seed B
seed A
seed B

vessel #5 capacity (gal) 90,000

vessel #4 capacity (gal) 9,000

vessel #3 capacity {gal) 900

vessel #2 capacity (gal) 90

vessel #1 capacity (gal) 9
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Table 6.2.5.F: Fermentation Conversions
Glucose > ethanol +2 CO, 0.920
Glucose +12NH, = 6 Z mobilis +24H,0 +030, 0.027
Glucose +2H,0 - 2 glycerol + 0O, 0.002
iGlucose + 2 CO, — 2 succinic acid + 0, 0.008
Glucose — acetic acid 0.022
Glucose - lactic acid 0.013
ethanol + 2 CO2 - ethanol 0.500
3 xylose — 5 ethanol +5 CO, 0.750
xylose + NH, = 57 mobilis +2H,0+0.250, 0.029
3 xylose + 5 H,0 -> 5 glycerol +2.50, 0.002
xylose +H,0 - xylitol +0.50, 0.006
3 xylose +5 CO, - 5 succinic acid +2.50, 0.009
2 xylose -» 5 acetic acid 0.024
3 xylose - 5 lactic acid 0.114
% loss to
contamination -»  Jactic acid 0.070
C. Cost Estimation
The production fermentors received new budgetary quotes from Matrix Service,
Inc. due to their high cost. Although the fermentation seed hold tank was over
$100,000 it was only marginally so and is believed by Merrick engineers to be
reasonable budgetary quote at $105,003. All other equipment in area 300 was
cost scaled from the NREL lignocellulosic model.
6.2.6 Distillation and Dehydration

A. Overview

Separation of ethanol from the water/lignin slurry is accomplished via
distillation (stripping and rectification) followed by dehydration to nearly 200
proof with molecular sieves. Gases coming off of the fermentors and
fermentation seed vessels contain some ethanol in addition to various volatile
organic compounds (VOCs). These gases are collected and sent to a scrubber
where the VOCs are dissolved in cascading water with the non-condensable
gases such as CO7 being vented to the atmosphere. The water stream from the
scrubber is pumped to the beer well for future distillation.

The existing York stripper (Beer Column) was originally designed for
approximately twice the flow that it is currently handling. It was believed that
this column could process the flow from both the grain plant and the stover plant
without significant modification. However, the mixing of the recombinant
fermented stover stream with the yeast fermented corn stream contaminates the
still bottoms with the recombinant organism. The resulting distiller’s grain
looses its high co-product value due to market resistance against genetically
modified organisms. Therefore, a stripping column is included in the equipment
list. In addition, a “Kill Tank” has been added to maintain sterilization
conditions long enough to ensure that the recombinant Z. mobilis is destroyed
and not released to the environment.
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The condensed vapor streams from the separate stripping columns could be
combined for rectification. However, the rectification column and molecular
sieve units at the York facility do not have the design capacity to process this
quantity of feed. For this reason it was determined that the rectification and
drying sections of the two processes would remain separate as well. The two
streams combine at the existing High Plains alcohol Quality Assurance tanks.

B. Design Basis

Process Flow Diagram-P100-4501-3

Beer leaving the fermentation area is sent to the pretreatment area where flash
vapors from T-203 preheat the beer in H-201 to 95°0C. Once the heated beer
travels to the distillation area it is heated once more in H-512 to 100°C using
stripping column bottoms. The stripping column (D-501) separates the
ethanol/water vapor from the lignin/water liquid.

The separation is accomplished with 32 actual trays, which are 48% efficient
(NREL"). The feed is from tray 4 from the top. Trays are Nutter V-grid, which
tolerate high solids with good efficiency. They are spaced 24 inches apart and
the column is 7 foot, 6 inches in diameter. Overhead pressure for stripping and
rectification is 26 psia. Overheads are removed to the scrubber and contain
100% of the CO9 with 0.4% ethanol, 99% of which is recovered in the scrubber
and recycled to the rectification column. A stream of 37% w/w ethanol to water
is taken from actual tray 8 and fed to the rectification column. This represents
99% of the ethanol introduced to the column minus overheads mentioned and
losses to the bottoms stream.

The stripping column bottoms are pumped using the beer column bottoms pump
(P-501) to the kill tank (T-513). The temperature of 1220C with a designed 30
minutes residence time in the kill tank are sufficient to destroy the recombinant
Z. mobilis. P-517 feeds the beer warming exchanger H-512 and pumps the
sterilized stripping column bottoms to the evaporator system E-501-3.

The ethanol/water side draw from the stripping column is vapor fed to the
rectification column (D-502). The rectification column separates the water and
ethanol from this feed as well as the molecular sieve regeneration vapor and
concentrates it nearly to its azetrope. This is accomplished with 60 Nutter V-
Grid trays having 57% efficiency. The primary feed is on tray 44, with
dehydration regeneration feed (higher in ethanol) on tray 19. The column is
operated with 26 psia of overhead pressure and has a reflux ratio of 3.2:1. A
92.5% ethanol (w/w) stream is removed from the top of the column representing
99% of the ethanol that entered the column. The reflux condensing is provided
by giving this energy up to drive the evaporators (E-501).

The overhead vapor from the rectification column is further “dried” using a
Delta-T molecular sieve (M-503). These vapors are superheated and fed to the
sieve columns where the water and a small amount of ethanol are absorbed. The
sieve column is regenerated using a small slipstream of dried ethanol and a
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6.2.7

vacuum. This “wet” ethanol is sent back to the rectification column as
mentioned earlier and the remaining pure, dry ethanol is sent to the existing
High Plains York quality assurance hold tanks for testing with the other alcohol
produced on site.

The CO, and off gasses from the fermentors and beer column are sent to the
scrubber. The scrubber is a packed column using Jaeger Tri-Pack plastic
packing, with 4 theoretical stages and well water to recover ethanol and other
VOCs. This recycles ethanol and releases CO, with less than 40 short ton per
year of organics. The water exiting contains 2.5% ethanol and is sent to the beer
well for distillation with the beer.

All specifications for equipment in this area are from NREL"',

C. Cost Estimation

Matirx Service, Inc. provided a budgetary quote for the kill tank. The kill tank
bottoms pump (P-517) was scaled from the lignocellulosic beer column bottoms
pump, which was designed for the same material. The distillation columns,
although over $100,000, were cost scaled from the lignocellulosic model, as was
the Delta-T molecular sieve. This was done because Merrick engineers believed
that new vendor quotes on these complex, high cost items would not deviate
significantly from those in the lignocellulosic model. All other equipment in
this area was scaled from the lignocellulosic model.

Beer Column Bottoms Centrifuges and Evaporators

A. Overview

The stripping column bottoms are sent to a “kill tank™ to assure that the Z,
mobilis is destroyed with time at high temperature. The bacteria are not very
heat tolerant and it may be possible that they are killed in the beer column and
the kill tank may not be necessary, however, in this study it is included. The
killed bottoms are then sent to a triple effect evaporation system where more
water is driven off and the soluble and insoluble (lignin) solids are condensed.
Energy to drive the evaporators comes from the rectification “heads” as
mentioned in the distillation section above. The condensed solids are then
centrifuged to remove remaining water and sold at fuel value,

The lignocellulosic model currently makes use of this lignin and syrup by
burning it in a burner, boiler, turbogenerator. However, in this study it was our
interest to consider the economics with respect to reduced capital with co-
location and therefore eliminated this capital-intensive configuration.
Depending on the revenue (or cost) value of the lignin as sold, this configuration
may need to be reconsidered. This is in light of the fact that the stover facility
steam requirement is too large to share existing boiler infrastructure at York and
therefore a new boiler is needed anyway.

Water from the centrifuges is recycled at not more than 25% to avoid build-up of
ions that produce osmotic conditions detrimental to the fermentation bacteria.
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83.9% of the evaporator condensate is used as clean recycle water as compared
to the existing York facility, which only recycles 25%. This difference is due to
the design of the evaporators, which in the study case, use indirect contact of
vapor and syrup which keeps the vapor clean and available for process water
use.

B. Design Basis

Process Flow Diagram-P100-4504 and A601

Heat to drive the evaporators (E-501-3) comes from using E-501 as the
rectification column reflux condenser. The lignin/water slurry is condensed in
the first evaporator to nearly 11% insoluble and 3.5% soluble solids. It is then
pumped using P-511 to the beer column bottoms centrifuge (S-601) in the
wastewater treatment area (600).

All of the syrup (11.3% total solids) from the second and third evaporators is
also sent to this area and sprayed on the centrifuge wet-cake (lignin solids at
34.7% total solids). Although this increases the water content of the wet-cake
(now 26.5% total solids), this syrup cannot be recycled with the water stream if
sent to the centrifuge because it is an important outlet for inorganic salts. These
salts would otherwise build up to levels toxic to fermentation. Another option
for removal of these salts, which needs to be considered in the future, is
treatment as wastewater or the use of a burner/boiler configuration as with the
NREL reference model.

Evaporated water from the evaporators is condensed in H-517 and pumped with
P-514 to wastewater treatment (16.1%), ion exchange regeneration (48.5%), and
acid dilution (35.4%).

Centrifuge wet-cake and syrup is conveyed via screw conveyor (C-601) to the
lignin load-out bin M-614 which has a 15 minute capacity for rail car switching
time. From here it is fed into rail cars and sold for its fuel value.

C. Cost Estimation

Although the beer column bottoms centrifuge has a cost much greater than
$100,000 no new vender quote was obtained because it was felt by Merrick
engineers that such action would not produce a significant change in cost.
Therefore, the centrifuge, along with the evaporators and other equipment in this
area was scaled and costed based on the equipment in the lignocellulosic
reference model''.

6.2.8 Area Requirements
The stover processing facility would likely be located on the north side of the
existing corn facility (please refer to Appendix 2 “Interoffice Memo™).
Presently this area is cornfield and is owned by the York facility. Feedstock
handling, bale processing, and shredded stover storage would be located here
requiring 7 acres (7,872 m®). Pretreatment, fermentation seed production,
hydrolysis and production fermentation would take place in a 4047m? building,
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6.2.9

6.2.9.1

which would be a mirror image of the existing fermentation building and located
back-to-back with it to the north. Enzyme production would take place in an
attached building with an area of 1,278 m?.

Post ion exchange liquid would be pumped to the southeast corner of the
existing facility for overliming near the distillers grain load out rail spur. The
evaporators, lignin separation, and load out would be located here as well,
having a 1,382m? footprint. This could make use of the existing rail spur for
lime delivery and easy gypsum and lignin load out by truck or rail. However,
due to the heavy load out traffic, an additional rail spur to the east of the
overlimeing building would be more practical. The liquid would then be
pumped back over to the mix tank (T-232) in the stover fermentation building.

The new distillation columns and mol sieves would be located between the
existing fuel grade and industrial grade distillation areas. The additional cooling
tower and chilled water packages would be located next to the existing north
cooling tower. It is believed that the new boiler will fit into the existing boiler
house.

Wastewater treatment would be placed along side the existing treatment area
either to the north or the south.

An alternative to the above plan locates the entire stover facility to the southwest
of the existing wastewater treatment area.

Utility and Chemical Requirements

Water
Process Flow Diagram-P100-4602 and 4902-3
The plant water source is on-site well water. The estimate for the corn stover
addition assumes that an additional 400 gpm well can be drilled. This provides
sufficient make-up water for the facility, primarily required due to evaporation
form the cooling tower. The facility is has zero water discharge with the
exception of storm runoff water which is collected in a pond (M-108) and
metered to waste water treatment. This water may be used as process water or
discharged to the City of York wastewater treatment facility. For mass balance
purposes, a high flow rate resulting from large storms was used to size the
handling of this water. Therefore, the rate in streams 616 (storm pad run-off),
830 and 831 (flow thru wastewater treatment), and 617 (discharge to the city of
York) will vary greatly depending on precipitation. Design basis flow
assumptions and calculations can be found in Table 6.2.9.1. The detailed and
summary water balance can be found at the end of Appendix 4.
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Table 6.2.9.1: Storm Water Calculations

Bale receiving pad (ft*) 250,000
precipitation (in/hr) 2

storm hours/wk 5.6
run-off to WW treatment (gal/hr) 311,688
storm run-off (gal/wk) 1,747,767
[Flow through WW treatment (gal/hr) {10,403
kg/hr to WWT 39,407
Holding pond (one week)(ft") 233,643
dimensions 200 x 150 x 8ft (ft)) 240,000

Wastewater was evaluated by Dr. Joseph Ruocco of Phoenix Bio-Systems, Inc.
based on mass balance information provided by Merrick. His resulting report
includes design explanation, configuration, mass balance, and operating costs as
well as recommendations for further work. This report is included as Appendix
6.

Twice the cooling tower requirement of that existing at York is needed for the
stover facility. Therefore a 40,000-gpm cooling tower system was included in
the equipment list. This unit was scaled from the lignocellulosic model. 1,000
ton of additional chilled water capacity was also included. The York facility
currently has 1 million gallon storage and pumping capacity for firewater. This
was decided by Merrick engineers to be sufficient for the addition of the stover
facility.

6.2.9.2 Ancillary Equipment
Process Flow Diagram-P100-4901 & 4903
The clean in place (CIP) system from the lignocellulosic model as designed by
Delta-T was included in the equipment list and scaled to 45%. All pumps, tanks
and exchangers in areas 300, 307, and 400 as well as the evaporators, stripping
column, kill tank, beer pre-heater and stripping reboiler are sterilized with hot
caustic solution.

Plant air scale and pricing was used directly from the lignocellulosic reference
model without scaling. However, it was decided by Merrick engineers that only
one 500 cfm unit would be needed to augment the existing 1,000 cfm capacity.

6.2.9.3 Steam
Process Flow Diagram-P100-4A801-3
The existing plant has two boilers. One is run near its capacity while the other is
held at hot idle as an immediately available spare. However, the steam
requirement for the stover facility is 174,187 Ibs. per hour (Table 6.2.9.2). This
is nearly twice the existing steam capacity at the York site, and so a new 200,000
Ib/hr boiler was quoted by AALBORG Industries. This boiler produces 205 psig
steam at 2009C (390°F) with 60,000 lb/hr going to 710C (160°F) superheat.

I'\process\3442\report\DRAFT4 39



National
Renewable
Energy
Laboratory

Merrick &
Company
December, 1999
Proj. No. 19013442

Building a Bridge
to the
Corn Ethanol Industry

6.2.9.4

6.2.9.5

6.2.9.6

Table 6.2.9.2: Boiler Calculations
methane energy BTU/ft? 1,000
boiler eff. 0.85

incoming BTU/# 249.0
steam out BTU/# 1,199.6
delta H (BTU/#) 950.6]

#/hr steam @ 389.9(F) 174,187
steam BTU/hr 165,589,610
superheat (F) 156.5

# superheat 40,077
superheat BTU 6,272,086

BTU consumed/hr 190,428,051

Ft3 methane/hr 190,428
methane #/t3 0.04227

methane kg/hr 3,651

Fuel
The existing boilers are fueled with natural gas with the distillers grain driers
fueled by natural gas and methane in the digestor off gas. The fuel cost for the
co-located plant assumes that the stover addition will be fueled with natural gas
as well and that methane produced will be sent to the driers as in the existing
arrangement.

The lignin will be sold for its fuel value. Taking into account the Btu
requirement for the heating and vaporization of the water (611 kcal/kg; 1,100
Btu/Ib.) and a lignin energy content of 6,111 kcal/kg (11,000 Btu/Ib), the gross
annual fuel value is $7,848,926 at a rate of $2.50 per million Btu. This value is
assumed to directly offset the cost of transportation to a customer - such as an
electricity generation facility - where the lignin is used as boiler fuel. The
capital estimate for this study does not include a solids fired boiler or steam
driven turbine generator set as did the lignocellulosic reference model.

Power
Power for the currently existing plant and for the corn stover addition will be
purchased from the local grid at a price of $0.35 per KW. Additional
switchgear, substation, transformers, and motor control centers will be required
and these have been included in the civil structural costs for the proforma.
Power consumed by the stover plant was calculated as the sum of each user
based on that users work duty. For equipment which was difficult to calculate
work for (i.e. pretreatment reactor), a ~900 ton per day stover Aspen Plus model
produced by NREL was consulted.

Chemicals
Process Flow Diagram-P100-4701
Chemicals required for the processing of corn stover include sulfuric acid,
calcium hydroxide (lime), ammonia, corn steep liquor, antifoam (corn oil),
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6.2.10

sodium hydroxide (for clean in place — CIP), and gasoline (denaturant). In
addition to these, a variety of cooling tower and boiler feed water chemicals
currently in use at York were taken into account for use in the proforma.

The Pure Vision enzyme production technology requires a “small amount of low
molecular weight enhancement factor.” Due to the proprietary nature of this
componant, it has been assumed that it will be delivered in drums or totes,
handled with forklifts, and requires no special handling/storage precautions or
procedures.

Transportation

Transportation of materials in and out of the facility is by two primary modes.
These include road (truck or tractor) and rail. As mentioned in the Facility
Description of this report, the York facility has several rail spurs adjacent to a
Burlington Northern main line. Along the north side of the plant is US highway
34.

Corn stover will be received via highway speed rated tractors with trailers as
described in section 6.2.1. Sulfuric acid will be received by rail car as will lime
and corn steep liquor. Antifoam will be received by truck roughly every twenty-
one days. Other chemicals (denaturant, ammonia, others) will be received by
truck deliveries as is currently done at the facility.

Transport of products and waste from the plant will leave by rail. Thereis a
significant amount of lignin solids to be sold (63,778 kg/hr) and this is loaded
into rail cars from M-614. Transport of this material requires relatively
continuous filling of eight rail cars each day (5650 ft’ cars). This is very labor-
intensive requiring three personnel per day.

Denatured fuel ethanol will also be shipped out via rail using the existing York
facility infrastructure.

Gypsum waste from the overliming process is produced at the rate of 1,137
kg/hr. This requires the removal of 27,288 kg/day (60,158 Ib/day) of waste.

This is dropped into roll-off/roll-on dumpsters by the Hydrocyclone /Rotary
Drum Filter (S-222). It is then shipped by truck to the county landfill. This
requires three, four-axel trucks, every two days. The disposal cost associated
with this is included in the proforma at $33 per short ton as quoted by High
Plains Corp. Land application was discussed, however, we decided that the large
quantity of gypsum produced annually would be detrimental to the land where
applied.

Movement of material within the facility is with done with loaders, although
forklifts may be used for intact bale transport. Forklifts existing at the York
facility will be used for the transport of totes and drums.
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6.2.11 Storage
Process Flow Diagram-P100-4701
Storage of materials at the corn stover facility requires considerable space, due
the volumes of materials used. Stover is the greatest example of this, requiring
23,226 m* (250,000 ft*) of concrete pad (M-102) for 4 days bale storage and
handling. In addition to this there is 3 days worth of shredded stover storage
(M-107) requiring 13,920 m’ (600,000 ft*) of volume.

A 240-hour supply of sulfuric acid is contained in a 75,758 L (20,000 gal)
storage tank (T-703). There is an additional 7576 L (2000 gal) of sulfuric acid
storage in the pretreatment area just prior to its use (T- 201).

Lime is stored in a 126m’ (4455 {t°) bin (T-220), which provides a maximum of
15 days storage and can be filled with 1.5 rail cars.

Corn steep liquor is stored in T-720, which is an 114,243 L (30,160 gal) vessel
with 120 hours of storage. Antifoam is stored in a 45,455 L (12,000 gal) vessel
(T-707) providing a 21 day supply. This large supply was chosen to take
advantage of better economics by receiving via truckload (~9,000 gal) as
opposed to multiple totes or drums.

Ammonia storage will make use of the existing tank at the York facility with the
possibility of an additional tank as may be arranged by the plant manager and his
vendor. Sodium hydroxide will be stored in the existing storage at the facility.

I'\process\3442\report\DRAFT4 42



National Building a Bridge Merrick &

Renewable to the Company
Energy Corn Ethanol Industry December, 1999
Laboratory Proj. No. 19013442

7  CAPITAL AND OPERATING COSTS

7.1 CAPITAL COSTS
The stover addition to the York plant can be constructed for approximately $79.4 million
(including one month O&M operating costs for start-up) after an estimated 10%
contribution of federal and state grants. The capital cost of the stover facility is strongly
impacted by several important factors. These are in the areas of feedstock handling,
pretreatment, various pumps and agitators, detoxification and wastewater treatment.
Please see Appendix 5 for the equipment list. These areas each require high cost
equipment, which with further research and systems development, could be significantly
reduced. Civil engineering and other capital costs are outlined in Appendix 7. More
detailed explanation and suggested ways of addressing these areas are outlined in section
12. Table 9.1 summarizes the financial assumptions.

Capital cost benefits of co-location with the High Plains York corn-to-ethanol facility are
that there is no need to purchase land, and the road and rail accesses are pre-existing. In
addition to this, the administration center and infrastructure are pre-existing. These facts
help to offset some of the high cost equipment required.

Appendix 5 (the equipment list) has comparisons between the study equipment costs and
the reference model as scaled to 45% (1999 costs with weighted average scaling
exponents used). Also included is a comparison of the electrical workloads. The
workloads and equipment costs are organized by area.

The comparison shows that the co-located study model equipment costs are $14.8
million less than the lignocellulosic model. This represents a 19.5% cost savings. There
appears to be a $0.5 million capital savings by separating hydrolysis and co-
fermentation. This is a result of fewer vessels required due to decreased residence time
as noted in Table 6.2.5.A. The use of the PureVision cellulase production technology
appears to result in a $1.7 million capital cost savings due to the reduced cellusase
prduction scale required as a result of the higher specific activity of the enzyme.

Installation factors have been revised (in most cases increased) for the co-located study
case and this has an effect on the installed costs (see Volume II of this report). A
comparison of the installation factors and weighted average scaling exponents is also on
the equipment list under each area.
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7.2 OPERATING COSTS
Operating costs for the corn stover processing facility total $29.2 million a year, but with
further development of the issues mentioned in section 12 “Recommendations for
Further Work,” these costs may be reduced. The costs are due largely due (aside from
feedstock cost itself, which is by far the greatest cost center) to the system of feedstock
handling and the labor that it requires. This accounts for $0.88 million/yr out of the total
labor cost of $2.0 million/yr.

Electricity expenses are large ($3.8 million/yr). This is primarily due to energy needed
for pumping and mixing slurries with assumed high viscosity, and aeration of
wastewater treatment nitrification.

Chemical expenses add significantly to the operating cost with large quantities of lime
(80.83 million/yr), sulfuric acid ($0.72 million/yr), and ammonia ($0.60 million/yr). The
result of the combination of these is that the facility has a negative cash flow of $185.3
million over its twenty-year life (assuming $35/dry short ton feedstock). More details of
the operation assumptions can be found in Table 9.1, the proforma section 9, and
Appendix 7.

The operation and maintenance costs are based on personnel required for the processing
areas and the rates currently paid at the York facility. The management and overhead
costs are modeled as a percentage of the operations labor costs. Some of the personnel,
particularly in the maintenance and labor areas can be shared between the stover and
corn facility. The operations experience of the corn facility personnel is one of the
greatest benefits of the co-location configuration although this benefit is not included in
the capital cost. Although some of the processing is different between corn and stover
feedstocks, in general, the operational experience of the corn facility could result in very
significant savings at time of plant start-up and the initial months of operation. Capital
estimates do not account for start-up costs, which could include two to three months at
less than full production plus unknown equipment retrofitting.

Chemical and energy rates per unit are those currently paid by the existing York facility.
Wastewater quantity was determined by cutting in half, the volume of receiving pad
runoff and charging at the rates used by the existing ethanol facility. The stover facility
recycles all process water from wastewater treatment. Storm runoff water is sent to the
City of York for treatment. There is no purchase of water due to the fact that the facility
has on-site wells. Electricity consumption has been added to account for well
operations.

The 4 principle operating costs, in order of greatest to less cost are:

Corn Stover ($12.2 million @ $35/DST)
Boiler Fuel ($4.0 million)

Electricity ($3.8 million)

Labor ($2.7 million including overhead)

B
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8 TABLES of Important Design and Cost Factors

FEEDSTOCK HANDLING CALCULATIONS AND ASSUMPTIONS

feedstock spec. size (in)

B3/4 x 5/8x 1/8

bales (each) trucks (each)
weight dry (#) 1200 # / delivery (dry) 20,400
weight wet (#) 1600 bales / delivery 17
%o solids 68.0% delivery days 350
length (in) 60
diameter (in) 70 plant run time
%% stalk (w/w) 82% days / year 350
%o cob (w/w) 18% % of year 96%
hrs / day 24
feed rate
kg / hr wet (101 PFD-A101) 71,977
% solids 52.1%
# / hr (dry) 82,662 37,489kg/hr (dry)
ton / hr (dry short ton) 41.3 37.5metric tons
ton / day (dry short ton) 992 900metric tons
bales / day 1,653
ton / day (wet short ton) 1,323 1,200metric tons
ton / year (wet short ton) 347,182
bales / year 578,637

deliveries
bales / day 1,653 2,315design capacity (7/5)
bales / hr 138 193 "
trucks / day . 97 136 "
weigh time / truck (min.) 10 0"
delivery hrs / day 12.0 120"
deliveries / scale / day 72 72"
number of scales required 1.4 19"
receiving and processing
bale receiving pad (ft®) 250.000
dimensions (ft) 500
forklift time per truck (17 bales) (min.) 130
forklifts/loaders S 6"
bale processing 122 170 (wet short ton/hr)(12hr/day)
storage waste water run-off calcs.
idays of storage 3 bale receiving pad (ft?) 250,000
shredded density (wet #/ft°) 15 recipitation (in/hr) 2
bunker volume (wet short tons) 4,376 istorm hours/wk 5.6
bunker volume (ft}) 583,499 run-off to WW treatment (gal’/hr) 311,688
200x100x30) = 600,000 storm run-off (gal/wk) 1,747,767
flow through WW treatment (gal/hr)|10,403
loader fuel kg/hr to WWT 39,407
loaders 7 holding pond (one week)(ft*) 233,643
loader hrs / day 87.6 dimensions 200 x 150 x 8ft () 240,000
fuel usage (gal/hr) 8
cal/day 701
kg/day 1907

I'\process\3442\report\DRAF T4

45




National Building a Bridge Merrick &

Renewable to the Company
Energy Corn Ethanol Industry December, 1999
Laboratory Proj. No. 19013442
FEEDSTOCK COMPOSITION
Design or Cost Factor Value Unit
Corn Stover Feed Rate 900 Bone dry metric tons / day
Cellulose 45.39 Weight %
Xylan 23.86 Weight %
Arabinan 2.00 Weight %
Mannan 0.00 Weight %
Galactan 1.11 Weight %
Acetate 2.11 Weight %
Lignin 18.53 Weight %
Ash 7.00 Weight %
Total 100.00 | Weight %
PRETREATMENT REACTOR CONDITIONS
acid concentration 0.5%
residence time 10 min.
temperature (°C) 190
solids in the reactor 22%
PRETREATMENT REACTOR CONVERSIONS
Reaction Conversion
(Cellulose), + nH,0 — n Glucose Cellulose 0.065
(Cellulose), + mH,0 - m Glucose Olig Cellulose  0.007
(Cellulose), + nH,O0 - % n Cellobiose Cellulose 0.007
(Xylan), . nH,0 - nXylose Xylan 0.75
(Xylan), . mH,0 - m Xylose Olig Kylan 0.05
(Xylan), . = nFurfural + 2nH,0 Xylan 0.10
(Xylan), . nH,0O = (Tarn Xylan 0.05
(Mannan), , nH,0 - n Mannose Mannan 0.75
(Mannan), , mH,0 - m Mannose Olig Mannan 0.05
(Mannan), . - n HMF + 2nH,0 Mannan  0.15
(Galactan), , nH,0 - n Galactose Galactan  0.75
(Galactan), ., m H,O — m Galactose Olig Galactan  0.05
(Galactan), ., - nHMF + 2nH,0 Galactan  0.15
( Arabinan), , nH,0 — n Arabinose Arabinan 0.75
(Arabinan), ., m H,0 - m Arabinose Olig Arabinan  0.05
(Arabinan), . - nFurfural + 2nH,0 Arabinan  0.10
(Arabinan), , nH,O0 - (Tar)n Arabinan  0.05
Acetate - Acetic Acid Acetate 1.00
n Furfural + 3nH,O - (Tar)n Furfural 1.00
n HMF . 3nH,0 - 12(Tar)n HMF 1.00

Note: These reactions are modeled as occurring simultaneously. Therefore, products of one reaction, e.g., furfural, are not
considered a reactant in another reaction. Degradation of xylan all the way to tar is accounted for as a reaction of Xylan to tar.
Degradation of furfural considers the furfural entering the reactor in the recycle water.
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CELLULASE PRODUCTION SPECIFICATIONS AND CALCULATIONS

yield (FPU/(g cellulose+xylose)) 200
productivity (FPU/(L*hr)) 75
specific activity (FPU/g protein) 800
initial cellulose concentration 4%
cellulase requirement (FPU/g cellulose) 15
enzyme production broth (kg/hr) 13,384 33.7%of reference model
enzyme production broth (gal/hr) 3,533
production time / vessel (hr) 160
size of production vessels (gal) 88,335 33.5%pof reference model
production vessel operating volume (gal) 70,668
number of vessels in operation (add 3 for cleaning) 8
%o fill of vessel 80%

time to fill vessel (hr)

20| 12.5%of production time

CELLULASE SEED PRODUCTION

% inoculation of production vessels 5.0%
volume of inoculant needed (gal/vessel) 3,533
inoculant needed every 20.0hrs
batch time for each seed production (hrs) 40

seed production vessel #1 (gal)

11 33.5%of reference model

seed production vessel #2 (gal)

221 33.5% "

seed production vessel #3 (gal)

4,417 33.5% "

trains of vessels 3- "A","B", "C"
ENZYMATIC HYDROLYSIS
% insoluble solids (is) 15.0%|
temperature (°C) 50
time per siurry (hr) 24
flow per slurry (kg/hr) 157,136
% conversion cellulose to glucose (hydrolysis) 80.0%
% conversion (SSCF 48hr 39.5%
(overall hydrolysis conversion ) i 84.0%
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HYDROLYSIS AND FERMENTATION CALCULATIONS

hydrolyzers

41,484

gal/hr

24

hrs of stirring

995,616

gal of stir cap. required

375,000

gal/stir vessel

2.9

number of vessels (add 1 for cleaning)

90%

fill of vessels

337,500

operating volume

9.0

time to fill (hr)

691 GPM

2.0

empty time (hr)

2,800 GPM

fermentors

46,246

Fermentation broth (gal/hr)

2,219,812

Fermentation volume (gal)

48

Fermentation time (hr)

750,000

fermentor volume (gal)

950%)|

fill of vessels

675,000

operating volume

3.0

number of fermentors (add 1 for cleaning)

4.0

fill time/fermentor (hr) (hydrolyzate only)

771

empty pump rate to stripper (GPM)

14.6

empty time (hr)

183,467

beer well (gal.) (4hr res.)

fermentation seed production

17,995

seed production broth flow in (kg/hr)

4,478gal/hr broth in

24

batch time (hrs)

161,192

seed hold vessel (gal) (36hr)

67,544

Inoculation to each fermentor (gal)

280

Inoculation pump rate (GPM, for two hours out of every 10)

2

number of trains ("A" and "B")

80,596

vessel #5 operating vol. (gal)

89.6%

% working volume

90,000

vessel #5 capacity (gal)

9,000 vessel #4 capacity (gal)
900 vessel #3 capacity (gal)
90| vessel #2 capacity (gal)
9| vessel #1 capacity (gal)
FERMENTATION CONDITIONS
time (hr) 48
temperature (°C) 30
hydrolysate to fermentation (kg/hr) 157,136 89.7%
seed to fermentation (kg/hr) 17,529 10.0%
CSL (kg/hr) 438 0.25%
lammonia 71 0.04%
total flow to fermentation (kg/hr) 175,175 100.0%
%% solids 8.1%
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FERMENTATION REACTIONS AND CONVERSIONS
Glucose - ethanol +2 CO, 0.920
Glucose +12NH, |» 6Z mobilis +2.4H,0 +030, 0.027
Glucose +2H,0 - 2 glycerol +0, 0.002]
Glucose +2CO, - 2 succinic acid | + O, 0.008
Glucose - acetic acid 0.022
Glucose - lactic acid 0.013
ethanol + 2 CO2 - ethanol 0.500
3 xylose - 5 ethanol +5 CO, 0.750
xylose + NH, - 5 Z mobilis +2 H,0+0.250, 0.029
3 xylose +5 H,0 - 5 glycerol +2.50, 0.002
xylose +H,0 - xylitol +0.50, 0.006
3 xylose +5CO, - 5 succinic acid | +2.50, 0.009
2 xylose - 5 acetic acid 0.024
3 xylose - 5 lactic acid 0.114
% loss to contamination - lactic acid 0.070
KILL CONDITIONS
Kill Temperature 122 Degrees Celsius
Kill Residence Time 30 Minutes
Comparison of SHCF (900TPD) and SSCF (2000TPD*.45)
High Plains York Co-located % of reference NREL Lignocellulosic
Summary: York Co-located model “Reference Model”
DTPD (metric ton) 900 100% 900
stover (dry short ton/yr) 347,223 100% 347,223
ethanol (gal/yr) after rectification 25,746,124 97.7% 26,340,609
yield (gal/dry short ton) T4 97 7% g8 .9
yield (gal/dry metric ton) 81.8 97.7% 83.6
hydrolysis + ferm. Time (hr) 72.0 42.9% 168
conversion of cellulose to glucose 84.0% 95.5% 88.0%
Additional EtOH (gal/yr) (594,485)
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FINANCIAL ASSUMPTIONS

Design or Cost Factor Value Unit

Reference Year 1999

Plant Life 20 Years

On-stream Factor 0.959 %

Construction Period 1.5 Years

Startup Period 2 Months

Ethano] Selling Price (quoted by High Plains) 1.10 $ per Gallon

Owner Equity Financing 0.25 % of Fixed Capital

Invest.

Loan Term 15 Years

Number of Annual Compounding Periods 1 1

Nominal Loan Rate Basis 7.5 %

Operator’s Hourly Rate (quoted by High Plains) 16 $/hr

Technician’s Hourly Rate (quoted by High Plains) 16 $/br

Non-Skilled Laborers Hourly Rate (quoted by High 16 $/hr

Plains)

Supervisor’s Hourly Rate (quoted by High Plains) 20 $/hr

Payroll Overhead Factor 0.35 %

Operators / Day 14

Technicians / Day 4

Supervisors / Day 2

Non-skilled Laborers / Day 7

Purchased Electricity (quoted by High Plains) 0.035 $ / Kw*hr

Purchased Fuel Gas (quoted by High Plains) 2.50 $ / million BTU

Water 0 $ per thousand gallons

Water Disposal (quoted by High Plains) 1.00 $ per thousand gallons

Gypsum Waste Disposal (quoted by High Plains) 33.00 $ per short ton

Denaturant (quoted by High Plains) 0.375 $ / gallon
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9 FINANCIAL PRO FORMA

A 25 million gallon per year corn stover-to-ethanol plant co-located at the High Plains
York corn-to-ethanol facility does not appear to be an economically viable concept at this
time. The stover addition to the York plant can be constructed for approximately $79.4
million after an estimated 10% contribution of federal and state grants.

The ethanol sale price was assumed to be $1.10 per gallon as quoted by High Plains Corp.
This did not include the $0.10 per gallon federal small producers credit as the first 15
million gallons of annual production by the corn facility receives this credit and the stover
facility addition will not fit the definition of a small producer at the combined production
of 62.7 million gallons per year. The $0.54 per gallon federal excise tax credit to the
blender was included for this base case. Table 9.1 summarizes the financial assumptions
for evaluating this model. They are also discussed in section 7: Capital and Operating
Costs. Appendix 7 contains the complete pro forma.

It was assumed in the base case that the lignin value just covered the expense of its
transport to a purchasing facility. The purchaser is assumed to be an electricity producer.
The value (and cost of transportation cost) of the lignin is estimated at $7.8 million per
year. Discussion of this can be found in section 6.2.9.4.

With the feedstock cost of $38.59 per dry metric ton ($35 per dry ton) as quoted available
in the York, NE area, the facility has a negative twenty-year net cash flow of $186.2
million dollars and a large negative internal rate of return (IRR). To get the IRR up to 1%,
the stover cost was decreased to $15.93 per dry metric ton ($14.45 per dry short ton).

This scenario is considered to be the base case for pro forma and sensitivity analvsis
purposes. Stover was adjusted because the only variables that will impact the economics
greatly are capital cost, stover cost, and ethanol value. Merrick believes that a decrease in
stover cost is more likely than an increase in ethanol value (i.e. to ~$1.38/gal achieving the
1% IRR). Adjusting stover cost is also more effective and more likely than a decrease in
capital to improve the economics of this type of plant. In a facility which might purchase
cellulase, the cost of this enzyme would be very significant and could be considered as
well. This plant addresses this cost with on-site production. A discussion of the effect of
on-site celllulase production using the PureVision technology, as opposed to the NREL
reference model or purchased enzyme follows in section 11: Sensitivity Analysis
“Comparison of Cellulase Sources”.

The feedstock cost of $15.93 per dry metric ton ($14.45 per dry short ton) produces an
IRR of 1% with a twenty year pre-tax net cash flow of $6.4 million dollars. Although this
is positive cash flow with a positive IRR, in general the IRR needs to be closer to 20% to
be considered economically attractive.

I:\process\3442\report\DRAFT4 51



National Building a Bridge
Renewable to the

Energy Corn Ethanol Industry
Laboratory

Merrick &
Company
December, 1999
Proj. No. 19013442

TABLE 9.1: FINANCIAL ASSUMPTIONS

Design or Cost Factor Value Unit
Reference Year 1999

Plant Life 20 Years

On-stream Factor 0.959 | %

Construction Period 1.5 Years

Startup Period 2 Moriths

Ethanol Selling Price (quoted by High Plains) 1.10 | § per Gallon

Owner Equity Financing 0.25 | % of Fixed Capital Invest.
Loan Term 15 Years

Number of Annual Compounding Periods 1 1

Nominal Loan Rate Basis 7.5 %

Operator’s Hourly Rate (quoted by High Plains) 16 $/hr

Technician’s Hourly Rate (quoted by High Plains) 16 $/hr

Non-Skilled Laborers Hourly Rate (quoted by High Plains) 16 $/hr

Supervisor’s Hourly Rate (quoted by High Plains) 20 $/hr

Payroll Overhead Factor 0.35 %

Operators / Day 14

Technicians / Day 4

Supervisors / Day 2

Non-skilled Laborers / Day 7

Purchased Electricity (quoted by High Plains) 0.035 | $/Kw*hr

Purchased Fuel Gas (quoted by High Plains) 2.50 | $/million BTU
Water 0 § per thousand gallons
Water Disposal (quoted by High Plains) 1.00 | § per thousand gallons
Gypsum Waste Disposal 33.00 | $ per short ton
Denaturant (quoted by High Plains) 0.375 | $/ gallon
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10 SENSITIVITY ANALYSES

The variables that can affect the overall economics of the co-located stover processing
facility the greatest include ethanol sale price, stover price, capital cost, ethanol yield,
cellulase cost, and lignin value. These factors were evaluated and graphs of the resulting
IRR’s were produced, with the exception of cellulase cost which was addressed separately
with a comparison of options. No sensitivity for lignin value was run because it has been
assumed that its value will just pay for its shipping to an end user. Should the co-located
facility have a burner/boiler/turbogenerator for combustion of this lignin and production of
electricity, it may become a fuel credit with additional electricity credit. This route was
not taken in this project in interest of using a less expensive boiler and the low local cost
of electricity. If this were to continue to be the assumption, a market for the lignin would
need to be developed and could affect the overall economics positively.

The feedstock price used for the base case is $15.93 per dry metric ton ($14.45 per
dry short ton) for reasons described in section 9: Financial Pro Froma. Feedstock
price has a very significant impact on the economic feasibility of the stover processing
facility. Ethanol value was assumed to be $1.10 per gallon as quoted by High Plains Corp.
Appendix 7 contains the complete pro forma.

The results of the sensitivity analysis show that if ethanol price were to get to $1.20 per
gallon (with the $0.54 credit), the co-located facility could reach an IRR of nearly 11.5%.
More realistic is the $1.00 - $1.10 per galion range (and lower) at which point the facility
is no longer profitable.

Feedstock price has the most impact on the economics of the facility as described in
sections 9 and 10. The sensitivity analysis shows that if feedstock could be available for
$11.03 per dry metric ton ($10.00 per dry short ton), the facility could reach an IRR of
almost 7%. The feedstock price of $38.59 per dry metric ton ($35 per dry ton) determined
by High Plains however, results in a very low economic feasibility. The facility does not
have twenty-year positive net cash flow until feedstock cost go down to about $16.69 per
dry metric ton ($15.14 per dry short ton).

Capital costs for the facility are very large with respect to the amount of ethanol produced
at $3.34 per annual gallon capacity (as a compared to a common $2 or less for the corn to
ethanol industry). It is believed by Merrick that the capital estimate could change a
considerable amount if the issues outlined in Section 12: Recommendations For Further
Work are resolved. Without these issues addressed, it is difficult to determine whether the
change in capital will be an increase or decrease. Sensitivity analysis of capital '
investment shows that the IRR increases about 3% for each 10% decrease in capital cost
($14.45 per dry short ton base case). Substantial grant funds in conjunction with cost
savings of resolved issues could together improve the economic attractiveness of this co-
located facility.

Perhaps of the greatest benefit to the facility would be to increase ethanol yield. The
sensitivity analysis shows that if ethanol yield could reach 90 gal/dry short ton (from
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74.15 gal/dry short ton), the facility could be economically attractive with an IRR of
nearly 25% (assuming $14.45/dry short ton stover).

Comparison of Cellulase Sources

Of additional interest within the Building a Bridge-to-Corn Ethanol Industry, High Plains
York, NE co-located corn stover-to-ethanol project, was the economic comparison of on-
site cellulase production using PureVision technology to the reference case from NREL
and the purchase of commercially available cellulase. This comparison illustrates the
significant benefits of on-site production of cellulase, especially when the PureVision
process is used.

The comparison was conducted by isolating the enzyme production processes for the
reference case (scaled to 45% with SHCF) and the High Plains York tailored case (see
Appendix 7, Cellulase Source Study, Comparison of On-site cellulase production methods,
$per Ib. calcs.). These processes were then each analyzed for mass and energy balance,
equipment, utility requirements, raw and processing materials, financing, operations and
maintenance, overhead, taxes, and depreciation factors to reflect the differences in the two
scenarios. The resulting “cost of enzyme production” provides a reasonable
approximation of the real cost associated with on-site cellulase production for each case.

It is important to note that the amount of cellulase required varies for the various cases not
only because of the differences in specific activity (FPU), but also because each case has a
different amount of cellulose to hydrolyze. For example, the purchased cellulase models
require a 3.8% increase in the number of FPUs required at 15 FPU/g cellulose due to the
fact that the celfulose that was used for cellulase production is now available for
conversion to glucose then ethanol. It could be argued that this like “comparing apples
and oranges” in that the amount of cellulose to be hydrolyzed is not consistent for all
cases. However, this fact was accepted in this case because to make the amount of
cellulose requiring hydrolysis equal in all cases would require a feedstock throughput
change and therefore, entire facility resizing costing.

The result shows that in the NREL reference case, on-site production cost is $0.027/1b. of
crude cellulase slurry. The cellulase produced with the PureVision process costs $0.022/1b
of crude cellulase slurry. This equates to an annual cost savings to the facility of $1.2
million. A large portion of this savings is accounted for by the $1.7 million capital cost
savings mentioned in section 7.1 in the form of lower property tax and debt
retirement/depreciation. The remaining savings are principally accounted for by utilities,
raw materials, processing materials, and O&M costs. There is also a decrease in ethanol
production associated with this (1,179,071 L/yr [211,275 gal/yr]) because the cellulose
that is sent to produce the larger volume of cellulase required is no longer available for
conversion to glucose and then to ethanol. Appendix 7 contains the details and a summary
comparison of the cellulase production options. Any processing or equipment cost
changes that may result from this decrease in production are not taken into account in the
economic comparison, because they are thought to be relatively small. However, the
impact on revenue is accounted for. For economic and equipment descriptions of this
scenario, please see Appendix 7, Cellulase Source Study, Comparison of On-site cellulase
production methods.
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The International Filter Paper Unit (FPU) is a commonly accepted way to measure the
specific activity of an enzyme. Specific activity is the rate at which the enzyme converts a
substrate to a product — in this case, cellulose to glucose. The NREL reference model
enzyme has a specific activity of 600 FPU/gram of protein whereas the PureVision
cellulase has a specific activity of 800 FPU/gram of protein. The result here is that 25%
less enzyme is required for the same degree of cellulose conversion when using the
PureVision cellulase production technology. Therefore, if cost of production per FPU is
considered, the cost for the reference model enzyme is $4.60 per million FPU (MFPU)
whereas the cost of the PureVision enzyme is $3.32/MFPU. The result in this application
is a savings of $1.2 million per year in capital, O&M, utilities, overhead and other costs.

The above two on-site cellulase production models were then compared to the scenario
with purchased, commercially available enzyme. The High Plains tailored case was
altered to eliminate cellulase production equipment and included adjustments to all the
other variables associated and mentioned in the previous analysis. Provisions were
accounted for in terms of cellulase receiving and handling. It should be noted that the
purchased enzyme is received in a concentrated, purified form and has shipping charges of
$3.00 per mile for an average estimated distance of 750 miles (with tanker trucks hauling
50,000 Ibs this calculates to $0.413 per Ib. of cellulase). Thus, purchased enzyme has a
much higher cost at $2.41 per pound (delivery cost included). Appendix 7, Cellulase
Source Study, Comparison of On-site and Purchased Cellulase, contains details of two
methods used to do this comparison (page 19) as well as and equipment list and summary
sheet for each method.

It is perhaps more appropriate to base its comparison to the previous two cases on its FPU
content than on a dollars per pound basis. Even this may not be the best basis for
comparison until tests with the purchased enzyme can be run to determine its true activity
(FPU rating) on the corn stover substrate. In addition, there is debate as to whether the
FPU is even an accurate measurement unit for enzyme specific activity. However, the
FPU basis will be used here providing the most accurate comparison considering the
immature state of activity assay data on pretreated stover for all three enzyme sources.

Many factors go into trying to make an accurate comparison between these cellulases such
as the substrate they are produced on, and the proportions of exo-nuclease, endo-nuclease,
and especially B-glucosidase. These factors are likely the principle technical arguments
supporting the uses of cellulase produced on-site using the same substrate as that which is
to be hydrolysed.

Two methods for projecting the cost of purchased cellulase were used with vastly different
results, but with identical conclusions. It should be noted that either method is only a best
estimate for the reasons mentioned above and to follow. The first method “BASED ON
PUREVISION LABORATORY RESULTS OF COMPARISON?” is based on laboratory
results obtained by researchers for PureVision®. Out of several purchased enzymes
compared to the PureVision produced cellulase, the Specialty Enzymes Inc. Liquicell
2500 was used for our performance comparison basis. The second method “BASED ON
PRODUCT SPECIFICATIONS PROVIDED BY SPECIALTY ENZYMES INC.” is based
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on product specifications for Liquicell 2500 provided by Specialty Enzymes Inc.".
Specialty Enzymes Inc. also provided a purchased bulk cellulase price quote of $2.00 per
pound which was used for both projection methods. Transport cost was assumed, as stated
above, by Merrick.

The amount of enzyme (on an FPU basis) required for conversion of the cellulose is
higher (3.8%) for purchased cellulase cases because the cellulose lost to the growth and
production of 7. reessei and cellulase is now available for conversion to glucose and then
ethanol. This results in an increase in ethanol production of 933,825 gallons annually.
Both purchased cellulase case calculation methods take into account the increase in
revenue which results from the additional production. The equipment list for the
purchased cellulase case is the same for both methods of projection and has been modified
form the base study case as mentioned earlier. The section of Appendix 7, Cellulase
Source Study, Comparision of On-site and Purchased Cellulase, Method A, “Equip.
(purchased)” shows the equipment differences. There has been no adjustment to capital
and operating cost to adjust for the additional ethanol production (i.e. larger fermentors or
more Z. mobilis seed) because only 3.8% of the pretreated slurry was used for cellulase
production. Merrick believes that this will be an insignificant additional cost.

METHOD A: “Based on PureVision Laboratory Results of Comparison”

Data based on tests performed by PureVision using their enzyme and several
commercially available cellulases on hydrolysis of high-grade waste paper and low-grade
restaurant waste paper have been performed’. The results show that the PureVision
enzyme is 6.43 times more effective on the high-grade waste paper in an 18 hr period (see
Appendix 7, Cellulase Source Study, Comparision of On-site and Purchased Cellulase,
page 19 for this calculation). This could also thought of as having a specific activity of
125 FPU/g protein (as compared to 800 FPU/g protein for the PureVision cellulase),
although a comparison on the FPU/g protein basis was not determined through tests.
Pretreated corn stover has different characteristics (such as higher lignin content) and
therefore it is likely that the multiple calculated is inaccurate when treating corn stover.
However, being the only available results, they will be used for our purposes here.

The results of our comparison using this purchased enzyme assessment method show that
the facility will require the delivery of 325,810 truck loads per year to supply the required
amount of enzyme. The additional cost to the facility over the base study case
(PureVision on-site cellulase production) is $4,484,964,258 annually. Clearly this is in no
way a feasible option, both in terms of logistics and economics. However, it does
illustrate the importance of on-site cellulase production. Appendix 7, Cellulase Source
Study, Comparision of On-site and Purchased Cellulase, pages 14-29 contain details of the
calculation which led to these conclusions and a side-by-side comparison of the cellulase
source evaluation.

METHOD B: “Based on Product Specifications Provided By Specialty Enzymes Inc.”
Product specifications were provide by Specialty Enzymes Inc. for a currently available
cellulase used in the textile industry Liquicell 2500. The specifications for this cellulase
include a higher specific activity than that which was found in the PureVision comparison
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tests mentioned above, but was also not necessarily intended for use in hydrolysis of waste
paper.

Using this method to project the effect of on-site cellulase production vs. purchased
cellulase is much less dramatic than Method A, but is just as impractical, both logistically
and economically. It shows that the facility would require the delivery of 21,637 truck
loads of cellulase annually. This also results in an additional cost of $489,256,883
annually over on-site production using the PureVision cellulase production technology.
The section in Appendix 7, “Cellulase Source Study”, “Comarison of On-site and
Purchased”, pages 24-29 contain the details of this projection. The equipment list is the
same as that for Method A.

SUMMARY

The comparision of PureVision and NREL reference model on-site enzyme production to
the purchased enzyme illustrates the importance of efficient, high specific activity enzyme
production. Achieving the high specific activity needed seems to be intimately related to
an “acclimation factor” which comes from producing the cellulase using the same
substrate as the cellulase is to hydrolyse (i.e. to hydrolyse corn stover efficiently, produce
the cellulase on a corn stover substrate). It is likely that this acclimation factor is related
to the relative proportions of exo-nuclease, endo-nuclease, and especially -
glucosidase®™". The purchased cellulase has a cost of between $2,753.93 and $182.89 per
million FPU, depending on the source of the specific activity specification (i.e. laboratory
test or vendor). This is as opposed to the $4.60 and $2.32 per million FPU for the
refenence model and base cases respectively. As mentioned before, the “FPU” unit used
in these purchased specifications may well not perform the same as an “FPU” as defined
in the reference and base cases (although this seems to be in contradiction to the supposed
definition of an FPU).

Most important to note is that in making the comparison to purchased enzymes, a
standard basis for comparison must be established. This is difficult due to the
variety of substrate conditions, characteristics of the enzymes, and preparation
forms. Itis highly possible that the results of the comparison with purchased
cellulase are not accurate due to the fact that no real comparison can be drawn
between the purchased enzyme and crude on-site produced enzyme without a direct
head-to-head comparison of both enzyme sources on actual pretreated corn stover.
Such comparison should include identical assay and reporting protocols, more
accurate and universal measuring unit definition (i.e. FPU/g protein), and identical
cellulase forms (i.e. liquid).

I:\process\3442\report\ DRAFT4 57



National Building a Bridge Merrick &

Renewable to the Company
Energy Corn Ethanol Industry December, 1999
Laboratory Proj. No. 19013442

11 CONCLUSIONS

The purpose of this report was to explore the business potential of producing fuel ethanol
from corn stover at a facility co-located with an existing corn-to-ethanol facility. In doing
s0, a process design was selected and a mass balance was produced. From this, capital and
operating costs were determined for co-location at the High Plains York ethanol production
facility. An economic comparison between various cellulase enzyme sources was also
evaluated. Important considerations were availability of low cost feedstock, sizing of the
stover facility, on-site production of enzyme, and separation of hydrolysis and co-
fermentation. Merrick also compiled a Pro Forma for the co-located plant, identified
parameters that most significantly impact production costs, and performed sensitivity
analyses on those parameters.

As an outcome of this effort, a conclusion has been drawn that while requiring a feedstock
cost much lower than that available in order to remain profitable, there are enough areas for
continued development that once addressed, may make this co-location a feasible option for
corn-to-ethanol facilities.

A very important consideration should be given to the source of enzyme for a biomass to
ethanol facility of this general design. The cost of purchasing available cellulases (which are
not intended for biomass digestion) is extremely costly. On-site production of cellulase is a
requirement, not an option, for an efficient facility of this size and design. The PureVision
cellulase production technology represented here has a critical positive effect on the
economics of this facility as compared to the NREL reference model and almost certainly to
the purchase of currently available commercial cellulase enzymes.

Important technologies needing further development are outlined in section 11
“Recommendations for Further Work.” In general these include feedstock handling,
pretreatment, detoxification, enzyme production, and co-product value. Also worth closer
consideration is the separation of saccharification and co-fermentation.

The fact that the co-fermentation is achieved by use of a genetically modified organism
should be of great consideration for co-location opportunities. If the fermentative organism
were not genetically manipulated, the two fuel ethanol production streams could possibly
combine before product quality assurance, perhaps sharing stripping, rectification and/or
dehydration resources (assuming the lignin could be marketed with the distillers grain).
However, the use of genetically modified organisms may have a very negative impact on the
marketability of the grain if combined. Public concerns and permitting with respect to the
local presence of a facility relying on recombinants may not be positive as well.

The stover processing facility adds an additional 70% product to the York plant production.
With an increase of this magnitude and the high steam and chemical requirements of
delignification/hemicellulose hydrolysis, the over-scale of the existing York infrastructure
would have to be very significant to avoid adding all new equipment (i.e. boiler, cooling
tower, chilled water, wastewater treatment, rectification, and dehydration capacity).
Therefore, in this case, little existing equipment can be shared by the two facilities.
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Infrastructure, that can be shared include management, some personnel, operations
experience, and some plot space as well as road and rail-sidings.

Sensitivity analysis shows that stover cost at $38.59 per metric ton ($35 per short ton)
renders the facility uneconomic. This is the price quoted as available in the York, NE area
by High Plains Corp. If stover were available at $16.69 per metric ton ($15.13 per short
ton), the plant would “break even.” Therefore, the facility does not appear to be
economically attractive at this time. However, if the issues outlined in section 11 were
reconciled, the economics of the co-located stover-to-ethanol facility would improve
considerably.

In conclusion, this study shows that a corn stover-to-ethanol facility co-located with the
existing High Plains Corp., York, NE corn-to-ethanol facility could be economically
attractive (IRR=20%) if stover were available for $0.62 per metric ton ($0.56 per dry short
ton). This is not a likely occurrence. Other variable changes, such as an increase in ethanol
selling price, or establishing a gypsum value, are very unlikely considerations for increasing
economic viability. The variable that needs to be focused on is the decrease in capital and
establishment of a market for the lignin and to a lesser extent CO,. On-site enzyme
production using the PureVision enzyme production technology is one example of a good
way to reduce the capital cost of a biomass-to-ethanol facility.
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12  RECOMMENDATIONS FOR FURTHER WORK

The following recommendations are intended to direct further research into the
operations and technology that we believe will have a great bearing on the economic
feasibility of co-located lignocellulosic fuel ethanol facilities utilizing corn stover as
feedstock. The ideas presented are only suggestions and have not been researched or
studied in any depth as a portion of this project.

12.1 Feedstock Handling
The corn stover collection system, which requires stover to be baled, may not be the
most efficient. It is very capital and labor intensive. If corn stover is not baled then
the manual debaling costs would be eliminated and the expense of plastic netting and
its disposal would be avoided. However, storage of stover in a loose form could be
problematic.

Combining of the washing of dirt from bales (if this is extensively required) with
storm water runoff could create a significant wastewater handling issue as well as a
loss of feedstock. Our assumption here has been that the bales will require minimal
washing via pressure hose spraying of visible contaminants on bales before they are
manually debaled. Experience at NREL with their Process Development Unit
indicates that there is bacterial contamination of pretreated biomass slurry,
indicating that the pretreatment process is not sufficient for sterilization of soiled
feedstock®. Therefore, soil entrained within the bales (i.e. root systems collected
durring windrow raking and baling from the ground) is a potential source of
infection and therefore a loss of production. In addition, the granular nature of the
soil, if not removed, is detrimental to the structural integrity of critical equipment
such as the pressure screw feed mechanism on the pretreatment reactor. A feedstock
washing process was not thoroughly investigated for this project because we felt that
a revised harvesting and feedstock handling system could reach a more practical and
efficient solution, to the above-mentioned obstacles.

Harvesting with some size reduction directly from the combines as they harvest the
grain should be considered. The stover could then be transported clean - without dirt
and with minimal field debris - in bulk compressed loads to the facility. With
additional size reduction, it could then be compressed in large silage type bins!®. The
feedstock could then be conveyed directly to a day bin via pneumatic conveyor and
from here to the pretreatment reactor. Regional collection centers with bunkers may
also play a role in this design.

Another consideration is to produce rectangular bales of the common dimensions
1.52m x 1.52m x 2.44 meters. These do not require the plastic wrapping that the
round bales require and may make bale handling less tedious. Other possibilities
include the pelletization of the stover at regional collection centers and storage at the
ethanol facility in silos.
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12.2 Pretreatment
The Pretreatment reactor is a very significant portion of the capital cost considering
the fact that it is considered a single piece of equipment. The continuous flow
configuration also has serious safety hazards associated with the high pressure
feeding method. Other pretreatment system should be considered, for example a
batch reactor system scheduled to provide an apparently continuous flow may be
appropriate.

12.3 Detoxification
Ion exchange and overliming may not be necessary and their elimination or
alternatives should be pursued. Perhaps this could be accomplished with alkali
pretreatment prior to the pretreatment hydrolyzer for removal of acetate. Another
consideration may be the use of a microbe with greater tolerance to the “toxic by-
products” of lignocellulosic pretreatment such as a yeast (as opposed to a
bacterium). This could save millions of capital and operating dollars in wastewater
treating’, purchased chemicals, and waste production (gypsum). Please refer to
Appendix 5.

If ion exchange cannot be eliminated, it may be better to use sodium hydroxide
rather than ammonia or ammonium hydroxide for ion exchange resin regeneration.
Nitrification of ammonia in the waste water system is very expensive and may
justify the use of the more expensive sodium hydroxide reagent.

12.4 Slurry Properties
There is a difficult balance between high solids content and low ethanol
concentrations in the beer. The quantity of steam sent to the stripping column
reboiler to heat the high volume of low ethanol concentration beer (5.3% w/w),
represents 42% of the total low-pressure steam usage. This translates to large capital
cost for stripping column, reboiler, natural gas consumption and a larger boiler.
However, in order to increase the alcohol % of the beer, minimal water should be
present in the liquor. This translates to high solids concentrations with difficult
pumping and mixing characteristics.

This report assumes the successful use of centrifugal pumps in the pre-hydrolysis
and hydrolysis sections of the plant to move high insoluble solids concentration
streams. These pumps should be tested with actual flowing materials to guarantee
that they are capable of the flow rates and discharge heads required by the process.
Similarly, various vessels in the process contain mixtures having very high insoluble
solids content. These vessels are assumed to have effective agitation to prevent
settling, maintain temperature or maintain reaction. The service conditions are not
common for conventional agitators and their effectiveness is yet to be proven. The
use of helix pumps may be a point of investigation for this issue.

12.5 Enzyme Production and Use
The development of the hydrolysis enzyme is in its early stages. At this time,
research has shown the technology to be effective for use on waste paper. We
strongly suggest that additional work needs to be done in proving the requirements
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for enzyme growth and its efficiency in hydrolyzing corn stover. Areas of
importance with regard to enzyme are the continued effort to increase specific
activity and the establishment of an accurate industrial standard and assay method by
which to compare all biomass-degrading cellulases such as the FPU or an amended
version thereof.

12.6 Separate Hydrolysis and Co-fermentation
The timesavings, and therefore capital savings, that are suggested as a result of this
study and especially the separation of hydrolysis and co-fermentation need to be
verified on a larger scale under industrial conditions to confirm this benefit. Use of
a non-genetically modified organism should be pursued due to lack of acceptance of
recombinant organisms by the public, and associated management/containment
issues.

12.7 Replacing Existing Capacity
Replacing a portion of the existing facility capacity with stover feedstock, as
opposed to adding the capacity on, may save capital costs. The pretreatment areas
for the stover and corn would need to be different, but the two streams could be
combined after saccharification and the commonly used yeast could be used for C;
fermentation. This would by-pass the five carbon sugars, however the issues
associated with using the recombinant organism would not exist. All equipment
down stream of saccharification could be used by both feedstocks. Another
alternative would not combine the streams, but uses the same equipment for separate
stover and corn fermentations. Variations on these and the impacts on co-products
such as DDG need to be studied.

12.8 Use of Stillage
It may be possible to use whole or thin stillage for nutrients in enzyme production
and fermentations instead of corn steep liquor. This needs to be studied as does the
general nutritional requirements of the enzyme production and ethanol production
fermentations.

12.9 Production of Grain Neutral Spirits
The production of a higher-grade industrial ethanol should be investigated. The
higher value of the neutral spirits could significantly improve overall stover-to-
ethanol plant economics. Product quality standards for this are very high, but may
justify the extra expense of meeting them.
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